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ABSTRACT: Two-dimensional Fourier transform ion cyclotron resonance mass
spectrometry (2D FT-ICR MS) is a data independent tandem mass spectrometry
technique that allows direct correlation between precursor and fragment ions without
the necessity of any sort of isolation prior to fragmentation. Two-dimensional mass
spectrometry (2D MS) experiments were conceived in the 1980s from inspiration of
two-dimensional nuclear magnetic resonance (2D-NMR), but the development of the
technique was stopped because of the insufficient computational capabilities of that
time. In 2010, with the progress in computer technology and the improvements in
FT-ICR MS instrumentation and methods, the interest in developing 2D MS was
renewed. Since then, 2D FT-ICR MS showed to be a valuable platform for the
analysis of small molecules, macromolecules such as peptides and glycopeptides, and
complex mixtures deriving from tryptic digestion of proteins of increasing sizes. All
the proteomics studies performed with 2D MS used the bottom-up (BUP) approach.
The main goal of this Ph.D. research work was to develop two-dimensional mass
spectrometry for the challenges of contemporary mass spectrometry, therefore push-
ing the limits of the technique towards the most interesting, cutting-edge research
grounds, by optimising the technique, developing 2D MS analysis methods, and
finally constructing improved instrumentation act to better perform 2D MS experi-
ments.
On this purpose, the rising importance of top-down proteomics (TDP) led to the
development of 2D FT-ICR MS for the analysis of intact proteins. To realise this first
project, 2D MS was optimised for TDP analysis using calmodulin (CaM) as a model,
and infrared multiphotondissociation (IRMPD) as fragmentation technique. The
study compared the two-dimensional BUP and TDP analysis of CaM with standard
one-dimensional tandem mass spectrometry, and showed that the use of 2D MS
allowed to obtain comparable cleavage coverages, with a consistent saving in sample
and time. The study affirmed the suitability of 2D MS for top-down proteomics, still
leaving space for more developments allowing its optimisation. The total cleavage
coverage of CaM was later implemented with the use of BUP 2D electron-capture
dissociation (ECD) MS.
In order to improve the cleavage coverages obtained in top-down two-dimensional
mass spectrometry, another technique was developed, called MS/2D MS. The tech-
nique makes use of an extra fragmentation step before two-dimensional mass spec-
trometry, achieved through external isolation of a charge state of interest, and colli-
sional fragmentation in a hexapole-based collision cell before the ions are sent to the
ICR-cell. The output of MS/2D MS is a single 2D mass spectrum with information
equivalent to MS3 about the entire mixture. The technique has been successfully
developed using ubiquitin (Ubi) and calmodulin as models, and showed new uses of
the features exclusive of 2D MS, such as the use of precursor ion scans to assign the
protein terminus of many precursors ions at once, and the analysis of internal frag-
ments formed by the first dissociation. Furthermore, as long as extra fragmentation
steps can be performed, a deeper investigation of the analytes can be achieved, in
an experiment collectively called MSn/2D MS.
After the development of 2D MS for TDP, another method was developed, imple-
menting the use of two-dimensional mass spectrometry for another type of complex
mixtures: polymers. An extensive 2D MS study was performed on a simple mixture
of homopolymers such as PMMA, and on two complex mixtures commonly used as
drug excipients, polysorbate 80 and TPGS. The study demonstrated again that single
2D MS experiments give results equivalent to multiple MS/MS experiments targeted
at the different precursors. Furthermore, it allowed the high resolution tandem mass
spectrometry of polysorbate 80, representing the first kind of study of that type be-
cause of the challenges of isolating single analytes from the polymer mixture without
the use of a previous separation, such as chromatography. The use of neutral-loss
lines was particularly useful in this study, allowing to discriminate between oleated,
linoleated, and non esterified species. Finally, 2D mass spectra of polymers showed
characteristic diagonal lines, specific for each polymeric mixture, representing some
sort of fingerprint of the mixture.
The last part of the thesis is dedicated to the optimisation of 2D FT-ICR MS for
ECD MS, the application of the technique to another class of compounds, glycans
and glycan-derivatives, and finally to the development of a more capacious ICR-cell.
The research performed in this thesis showed that 2D FT-ICR MS is a viable data-
independent mass spectrometry technique for top-down proteomics and polymer
analysis; that the technique is fast, and it possesses unique features that improve
ion assignments, such as precursor ion scans and neutral-loss lines. Finally, it opens
for two-dimensional mass spectrometry the path to glycomics and to an improved 2D
MS analysis of even more complex mixtures, thanks to the development of a novel
ICR-cell.
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tation with formation of c/z ions. Reproduced with permission from
Lopez-Clavijo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
1.26. Dissociation of proteins and peptides. Techniques written in black
target positive ions, while techniques written in red target negative
ions. Reproduced from Zhurov et al. . . . . . . . . . . . . . . . . . . 79
1.27. Scheme of the 12 T solariX mass spectrometer. Some of the fea-
tures are highlighted, such as the orthogonal source; the quadrupole-
hexapole system for external accumulation and collision-cell CAD;
the Infinity ICR-cell and the superconductive magnet. Adapted with
courtesy of Bruker Daltonics, Bremen, Germany. . . . . . . . . . . . 81
1.28. Workflow of a one-dimensional FT-ICR MS/MS experiments with the
12 T Bruker solariX FT-ICR mass spectrometer, with symbols indi-
cating each part of the instrument. CAD is performed by accelerating
the analyte ions into a hexapole-based collision cell, while beam-based
fragmentations such as ECD and IRMPD are performed inside the
ICR-cell. The dissociation techniques are colour-coded with the bond
that they break in protein/peptide MS/MS, and the type of ions that
they generate (lower left). The bullet points refer to the challenges of
the analysis of complex mixtures. . . . . . . . . . . . . . . . . . . . 83
1.29. Principles of two-dimensional Fourier transform mass spectrometry.
(a) Pulse programme used to obtain the correlation between precursor
and fragment ions in 2D FT-ICR MS. (b) Variation of the ion radius
int the ICR-cell as a consequence of the different pulses. (c) Movement
of the ion packets with the RF-pulses as seen from a transversal section
of the ICR-cell. Ions in a cell are constantly orbiting along the mag-
netic field axis according to their cyclotron motion and are subjected
to magnetron motion and oscillations due to the in-cell trapping, but
in the present example only the movements driven by the pulses used
for 2D MS are represented. Reprinted (adapted) with permission from
Floris et al. Copyright 2017 American Chemical Society. . . . . . . 85
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1.30. A two-dimensional mass spectrum, output of 2D FT-ICR MS, and var-
ious levels of information that can be observed/extracted from it. (a)
Two-dimensional mass spectrum seen as a two-dimensional map with
the m/z of the precursors in the y-axis and the m/z of the fragments
in the x -axis. The autocorrelation line and an electron-capture line
are highlighted. An area is zoomed, to show the horizontal fragment
ion scans. (b) Extraction of the autocorrelation line, with generation
of a one-dimensional mass spectrum of all the precursors in the mix-
ture. (c) Ion isotopic distributions as seen from the two-dimensional
map, and from the vertical and horizontal dimensions. (d) Extraction
of a fragment ion scan, showing all the fragments generated by a pre-
cursor of interest. See Section 1.10.1 for a detailed explanation on the
interpretation of a 2D mass spectrum. . . . . . . . . . . . . . . . . . 87
1.31. Interpretation of a 2D mass spectrum, with graphical representations
of the two-dimensional map (a) and extraction of different lines (b-e).
(a) Graphical representation of a 2D mass spectrum, with information
about the axis and the main lines of signal used for analysis interpre-
tation. The isotopic distributions for each substance in the spectrum
are represented by a single blue dot. (b) Extraction of the autocorre-
lation line from spectrum a. The generated mass spectrum contains
all the precursors present in the mixture, numbered 1 to 6. (c) Ex-
traction of a fragment ion scan. It shows the fragmentation pattern of
the precursor 2 in the autocorrelation line. (d) Extraction of a precur-
sor ion scan for a fragment of interest. In this example, the fragment
is generated by the precursors 1, 3, and 5. In spectrum a it can be
seen that these precursors generate a fragment at the selected m/z.
(e) Example of neutral-loss line, incident to fragments generated by a
specific neutral loss from precursors 2 and 6. It shows the precursors
that underwent that neutral loss during the fragmentation perdiod in
the ICR-cell. Reprinted with permission from Floris et al. Copyright
2017 American Chemical Society. . . . . . . . . . . . . . . . . . . . 88
1.32. Tridimensional visualization of a 2D mass spectrum, plotted using the
cyclotron frequencies of the precursor and fragment ions, as reported
by Ross et al. The third dimension is given by the ion intensities. . . 89
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1.33. Isotopic distribution of some precursor and fragment ions from an
IRMPD 2D mass spectrum of tryptic digested cytochrome c, as seen
from the two-dimensional contour plot. Control lines of different
colours can be observed for the most intense peaks. The slope of
each isotopic distribution is reported. (a) Peaks on on the autocorre-
lation line corresponding to the peptides [MIFAGIK]2+ and [TGPNL-
HGLRG R]3+. The slope of the precursor ions is 1, since they are
on the autocorrelation line. (b and c) Isotopic distributions of a y5
fragment respectively from [MIFAGIK]2+ and [TGPNLHGLFGR]3+.
Although the precursors on the autocorrelation line have less than
1Da of difference, the fragments can be correctly assigned thanks to
the slope of their isotopic distributions, indicating respectively a 1+
ion generated by a 2+ precursor and a 1+ generated by a 3+ ion.
Reproduced from van Agthoven et al. . . . . . . . . . . . . . . . . . . 91
1.34. Successful application of the urQRd algorithm to a 2D FT-ICR mass
spectrum of tryptic digested calmodulin. In the raw mass spectrum
(top) vertical lines of scintillation noise can be observed along the
m/z of the most abundant precursors. Scintillation noise is drastically
reduced by the application of the urQRd algorithm during processing
(bottom). For this spectrum, K was equal to 6. . . . . . . . . . . . . 95
1.35. Setup for 2D LIT MS. Reproduced by van Agthoven and O’Connor. 98
1.36. Workflow of MS/2D MS with representative spectra from the differ-
ent steps of the procedure. Analytes are protonated in the ionisation
source, generating a charge-state distribution like the one in insert
(a). A charge state of interest is then isolated in the quadrupole (b)
and fragmented with CAD in the hexapole collision cell, generating
primary fragment ions shown in (c). The generated CAD-fragments
are finally sent to the ICR-cell for two-dimensional MS analysis. (d)
The autocorrelation line (blue) shows the CAD-fragments that en-
tered in the ICR-cell. Horizontal fragment ion spectra (green) show
the fragmentation patterns of each precursor ion (further fragments
obtained by in-cell fragmentation of CAD-fragments). Vertical precur-
sor ion spectra (magenta) show the precursor ions of each fragment
ion. Neutral-loss lines (purple) show the loss of neutrals by precursor
ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.1. Simplified scheme of a Fourier transform ion cyclotron resonance mass
spectrometer and tandem mass spectrometry workflow. . . . . . . . 103
2.2. Pulse sequence used to measure the fragmentation efficiency after ap-
plication of a single excitation pulse, therefore to optimise the 2D MS
pulse programme. Reproduced by van Agthoven et al. . . . . . . . . 105
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2.3. Interface of the visualisation program used in 2D MS, with an extrac-
tion of a zoom of the two-dimensional map. Reproduced from Chiron
et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.4. Two-dimensional mass spectrometry analysis of APPI-ionised choles-
terol with IRMPD as fragmentation technique. (a) APPI-IRMPD 2D
mass spectrum of cholesterol without denoising. Two areas are high-
lighted in (b) and (c). Two fragment ion scans are highlighted with an
ellipse (d and e), as well as a precursor ion scan (f). The autocorrela-
tion line and several neutral loss lines (g, h, i) are indicated by dotted
lines. (b, c) Zooms on the 2D mass spectrum, showing area in which
respectively fragment ion scans and neutral-loss lines are visible. (d,
e) Fragment ion scans of different precursor ions. (g, h, i) Neutral-loss
lines showing respectively all the singly-charged precursors that lost
CH3dot, water or a nitrogenated group during . Reproduced from van
Agthoven et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.5. Full mass spectrum of bovine type I tryptic digested collagen, with
the labelled assignments. The coloured dots show the peaks used
for internal calibration, green for an added high-efficiency polymeric
mixture (HP-mix), blue for known peptides. Assignments made on
this very dense mass spectrum were possible through the theoretical
m/z of the peptide peaks, and with the additional information given
bt MS/MS and 2D FT-ICR MS. Adapted from Simon et al. . . . . . 114
2.6. Two-dimensional top-down analysis of calmodulin in denaturing con-
ditions. (a) IRMPD 2D mass spectrum. The autocorrelation line
and different horizontal lines of signal can clearly been observed. (b)
Extraction of the autocorrelation line (top) and comparison with its
homologous full mass spectrum of CaM in denaturing conditions. (c)
Precursor ion scan of the ion y. (d) Fragment ion scan of the 14+
charge state of CaM, showing a complexity of a TDP mass spectrum.
Reproduced from Floris et al. . . . . . . . . . . . . . . . . . . . . . 116
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2.7. Two-dimensional analysis of TPGS in acetonitrile and Na2SO4 with
IRMPD and ECD as fragmentation techniques, and proposed nomen-
clature.(a) IRMPD 2D mass spectrum with highlights on the most
abundant fragmentations in the mixture. (b) Autocorrelation line ex-
tracted from spectrum a. (c) Autocorrelation line extracted from the
ECD 2D mass spectrum of TPGS. (d-f) Fragment ion scans extracted
from spectrum a, respectively for singly-, doubly- and triply-charged
TPGS. (g) Fragment ion scan of Di-TPGS extracted from spectrum a.
(h, i) Fragment ion scans extracted from the ECD 2D mass spectrum
of TPGS, respectively for doubly- and triply-charged TPGS. (J) Frag-
ment ion scan of Di-TPGS extracted from the ECD 2D mass spectrum
of TPGS. Reproduced from Floris et al. . . . . . . . . . . . . . . . . 118
3.1. Two-dimensional mass spectrum resulting from the 2D IRMPD MS
analysis of CaM in denaturing conditions. The 2D mass spectrum has
been acquired with 512 scans of 4M data points over a mass range
of m/z 883.5-3000 on the vertical axis and m/z 147.5-3000 on the
horizontal axis. Three ion scans, in different dimensions, are high-
lighted: the autocorrelation line, a precursor ion (vertical) scan, and
a fragment ion (horizontal) scan. . . . . . . . . . . . . . . . . . . . . 126
3.2. Autocorrelation line extracted from the 2D mass spectrum of Figure
3.1 (top) in comparison with the 1D full mass spectrum of CaM in
denaturing conditions (bottom). . . . . . . . . . . . . . . . . . . . . . 127
3.3. Precursor ion scan of the ion y3. The generated mass spctrum shows
all the precurors that generated such ion during the fragmentation
period in the ICR-cell. . . . . . . . . . . . . . . . . . . . . . . . . . . 128
3.4. Fragment ion scan showing the fragmentation pattern of the 14+
charge state of CaM. The spectrum is divided in three areas to show
all the possible assignments. . . . . . . . . . . . . . . . . . . . . . . . 129
3.5. Bottom-up analysis of trypsin-digested CaM. The 2D mass spectrum
(a) has been acquired with 4096 scans of 512k data points over a
mass range of m/z 368.2-3000 on the vertical axis and m/z 147.5-3000
on the horizontal axis. Three ion scans, in different dimensions, are
highlighted: b, the autocorrelation line, in comparison with the full
one dimensional mass spectrum of CaM digest at the same conditions;
c, a neutral-loss line (information available only in 2D); d, a fragment
ion (horizontal) scan of the ion m/z 782.380488 in comparison with
an IRMPD/FT-ICR MS/MS of the isolated ion with the same m/z. . 130
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3.6. Bottom-up ECD 2D MS analysis of calmodulin. (a) ECD 2D mass
spectrum of tryptic digested CaM, with highlight on the autocorre-
lation line and a precursor ion scan. The vertical lines represent the
residual scintillation noise, heavily reduced by urQRd. (b) Extrac-
tion of the autocorrelation line, with the assigned tryptic peptides.
(c) Fragment ion scan of the peptide with m/z 782.3805, with its
sequence and relative cleavage coverage. . . . . . . . . . . . . . . . . 138
3.7. Deep interpretation of a 2D mass spectrum. A zoom is reported (top),
showing the horizontal lines of signals due to the fragmentation pat-
terns of different peptides. (bottom) Cleavage coverage of CaM fol-
lowing 2D MS analysis. The total cleavage coverage reaches about
68%. The cleavages obtained with 2D ECD MS are reported in green
(69/148 cleavages, ~47%). The cleavages in orange derive from the
2D IRMPD MS study of CaM (~40%). . . . . . . . . . . . . . . . . . 139
4.1. Workflow of MS/2D MS with representative spectra from the differ-
ent steps of the procedure. Proteins are protonated in the ionisation
source, generating a protein charge-state distribution like the one in
insert (a). A charge state of interest is then isolated in the quadrupole
(b) and fragmented with CAD in the hexapole collision cell, generating
primary fragment ions shown in (c). The generated CAD-fragments
are finally sent to the ICR-cell for two-dimensional MS analysis. (d)
The autocorrelation line (blue) shows the correlation of the precursor
ion signals with their own cyclotron radius. Horizontal fragment ion
spectra (green) show the fragmentation patterns of each precursor ion.
Vertical precursor ion spectra (magenta) show the precursor ions of
each fragment ion. Neutral-loss lines (purple) show the loss of neutrals
by precursor ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
4.2. CAD/IRMPD (a) and CAD/ECD (b) MS/MS/MS spectra of Ubiq-
uitin, obtained fragmenting the molecule with CAD in the hexapole-
based collision cell, and isolating the ion y589+ for further fragmen-
tation in the ICR-cell respectively with IRMPD or ECD. Cleavage
coverage maps for the fragmented ions are reported under the respec-
tive spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
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4.3. CAD/IRMPD MS/2D MS of Ubiquitin in denaturing conditions. (a)
Two-dimensional mass spectrum, output of the CAD/IRMPD MS/2D
MS analysis of Ubi. The autocorrelation line and horizontal fragmen-
tation patterns are observed. The curved line departing from the bot-
tom of the spectrum constitutes harmonics signal. (b) Extraction of
the autocorrelation line, with the percentages of the correctly assigned
ions. Labelled ions represent the ions assigned through the precursor
ion scan showed in spectrum d; they include ion y589+, whose frag-
mentation pattern is shown in spectrum c. (c) Fragment ion scan of
the ion y589+ (m/z 726.2838) and respective cleavage coverage. Non-
diagnostic neutral losses are not labelled for better visualisation. (d)
Precursor ion scan of the ion y244+ (m/z 682.3820), constituting im-
portant information for the assignment of y ions on the autocorrelation
line (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.4. CAD/ECD MS/2D MS of Ubiquitin in denaturing conditions. (a)
Two-dimensional mass spectrum, output of the CAD/ECDMS/2DMS
analysis of Ubi. The autocorrelation line and horizontal fragmentation
patterns are observed. An electron-capture line is highlighted. The
curved line at the bottom of the spectrum is a harmonic. (b) Extrac-
tion of the autocorrelation line, with the percentages of the assigned
precursor ion types. The insert shows the complexity of the spec-
trum, typical of a top-down MS/MS experiment. Ion y589+, whose
fragmentation pattern is shown in spectrum c, is labelled. (c) Frag-
ment ion scan of the ion y589+ (m/z 726.2838) and respective assigned
cleavages. Non-diagnostic neutral losses are not labelled for better vi-
sualisation. A great number of c/z -type ions is observed. (d) Cleav-
age coverage map of the CAD/IRMPD MS/2D MS analysis of Ubi.
(e) Cleavage coverage map of the CAD/ECD MS/2D MS analysis
of Ubi. For both the reported maps, blue labels represent the frag-
ments obtained by CAD and assigned analysing the autocorrelation
line. Orange labels (d) indicate IRMPD fragments and green labels (e)
indicate ECD fragments assigned through the analysis of horizontal
scans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.5. Full mass spectrum of calmodulin, showing the range of charge states
reached by the protein in denaturing conditions. Transients have been
accumulated for 8 scans. . . . . . . . . . . . . . . . . . . . . . . . . . 156
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4.6. (a) CAD MS/MS spectrum of calmodulin. It has been obtained isolat-
ing in the quadrupole of the mass spectrometer the 14+ charge state of
calmodulin and accelerating the ions into Argon in a hexapole-based
collision cell. Mass analysis and detection were performed in the ICR-
cell. (b) Cleavage coverage map of the spectrum reported in (a): the
cleavage coverage reaches 37.8% considering the generated b/y ions,
and raises to 42.1% if internal ions are added. Complete mass assign-
ments for the showed spectrum and coverage map are shown in table
S.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
4.7. CAD/ECD and CAD/IRMPD MS/2D MS of Calmodulin in denatur-
ing conditions. (a) Two-dimensional mass spectrum for the CAD/IRM
PD MS/2D MS analysis of CaM. The autocorrelation line, a horizon-
tal scan and a vertical scan are highlighted and extracted respectively
in spectra b, c, and d. (b) Autocorrelation line. (c) Fragment ion scan
of the CAD-ion b545+. (d) Vertical ion scan for the ion b9. The as-
signed ions are labelled on the autocorrelation line (spectrum b) with
a pentagon. (e) 2D mass spectrum from the analysis of CaM with
CAD/ECD MS/2D MS. A horizontal scan is extracted in spectrum f.
(f) Fragment ion scan of the ion b545+. . . . . . . . . . . . . . . . . . 158
4.8. Cleavage coverage maps for the CAD/IRMPD and CAD/ECD analy-
sis of CaM in denaturing conditions. Vertical lines indicate cleavages
generated by the formation of internal fragments. The total cleavage
coverage for the MS/2D MS analysis of CaM is ~42%. . . . . . . . . 161
4.9. CAD/IRMPD MS/2D MS fragment ion scan for the internal fragment
ion of m/z 761.4053, whose sequence could be PSDTIENVKAKIQD-
KEGIPPDQQRLIFAGKQLED or EVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQ. The presence of the fragment ion FAGKQLED+
(m/z 889.4414) determined the presence of the ion of the former se-
quence. The cleavage coverage map shows the found (full lines) and
hypothetical assignments (dotted lines). . . . . . . . . . . . . . . . . 165
4.10. MS/MS/2D MS analysis of Ubi in denaturing conditions. (a) ISD
MS/MS spectrum of Ubiquitin and respective cleavage coverage map.
(b) 2D mass spectrum from the ISD/CAD/IRMPD MS/MS/2D MS
analysis of Ubi: the autocorrelation line (c) and the horizontal frag-
ment ion scan of fragment ion y589+ (d) are extracted. (d) Fragment
ion scan of ion y589+ from an ISD/CAD/ECD MS/MS/2D MS mass
spectrum for direct comparison with spectrum d. (f,g) Cleavage cov-
erage maps for the MS/MS/2D MS analysis of Ubi respectively with
IRMPD and ECD as tertiary (in-cell) fragmentation. . . . . . . . . . 167
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5.1. Correlation between the mass of the peaks in the autocorrelation line
of the IRMPD 2D mass spectrum of TPGS of Figure 5.2 (equivalent
to a full mass spectrum of the mixture) and the number of repeating
units per mass correspondent to the peaks. The graph, obtained by
plotting the data extracted from the 2D mass spectrum for TPGS,
Di-TPGS and free PEG with Equation 5.1, shows the consistency of
the end-group masses and the monomer masses of the substances in
the mixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
5.2. Two-dimensional analysis of the TPGS polymeric mixture in pure ace-
tonitrile and NaSO with IRMPD and ECD as fragmentation tech-
niques and proposed nomenclature. (a) IRMPD 2D mass spectrum
with highlights on the most abundant fragmentations in the mixture.
(b) Autocorrelation line extracted from spectrum a. (c) Autocorre-
lation line extracted from the ECD 2D mass spectrum of TPGS (see
Supporting information, Figure C.4). (d-f) Fragment ion scans ex-
tracted from the IRMPD 2D mass spectrum of TPGS, respectively
for singly-, doubly- and triply-charged TPGS. (g) Fragment ion scan
of Di-TPGS extracted from spectrum a. (h, i) Fragment ion scans
extracted from the ECD 2D mass spectrum of TPGS, respectively for
doubly- and triply-charged TPGS. (J) Fragment ion scan of Di-TPGS
extracted from the ECD 2D mass spectrum of TPGS. . . . . . . . . 181
5.3. Two-dimensional analysis of Polysorbate 80 in pure acetonitrile and
1 mM Na2SO4, using IRMPD and ECD as fragmentation technique.
(a) IRMPD 2D mass spectrum of Polysorbate 80, with the extraction
of the autocorrelation line, two neutral-loss line, and a fragment ion
scan. (b) Autocorrelation line extracted from the 2D mass spectrum.
(c) Neutral-loss line of all the singly-charged precursors that lost oleic
acid during IRMPD in the ICR-cell. (d) Neutral-loss line of all the
singly-charged precursors that lost linoleic acid during IRMPD in the
ICR-cell. Spectra shown in inserts b, c, and d have the same m/z
range, and spectra c and d have the reported at the same intensity
scale. (e) Fragment ion scan for PEG13 monooleate. (f) Fragment ion
scan for the doubly-charged (PEG)32 sorbitan polethoxylate monooleate.188
5.4. Two-dimensional analysis of PMMA (5 kDa) in pure acetonitrile and
1mM Na2SO4, using ECD as fragmentation technique. (a) ECD 2D
mass spectrum of PMMA. Curved lines are given by harmonics. (b)
Autocorrelation line extracted from the 2D mass spectrum. (c,d) Frag-
ment ion scans for the triply- and quadruply-charged ions of PMMA. 194
20
5.5. Two-dimensional analysis of PMMA (5 kDa) in pure acetonitrile and
1mM Na2SO4, using IRMPD as fragmentation technique. (a) IRMPD
2D mass spectrum of PMMA. (b) Fragment ion scans for a quadruply-
charged ion of PMMA. Unassigned peaks are indicated with a “?”,
while experimental noise is indicated with a * symbol. . . . . . . . . 197
6.1. Fragmentation efficiency of SubP with ECD as a function of the pulse-
lenght of the initial excitation pulse. It can be seen that there is a
maximum at about 1.7 µs, when the ions are supposed to be in the
area of the beam more “dense” in electrons. . . . . . . . . . . . . . . 202
6.2. Fragmentation efficiency of SubP as a function of the pulse lenght
of P1 and P2 in the 2D ECD/FT-ICR MS experiment. After three
seconds, the ions are not at a radius outside of the fragmentation area. 203
6.3. Surface response of the experimental design. It shows the variation of
the fragmentation efficiency with the pulse length and the power level
of the excitation pulses. A local maximum can be found at 3 µs and
10.42 Db (15% of the excitation sweep). . . . . . . . . . . . . . . . . 205
6.4. Contour plot of the results. It shows the lines in which the fragmen-
tation efficiency assumes the written value if the corresponding values
for pulse length and power level are used. . . . . . . . . . . . . . . . 205
6.5. Two-dimensional IRMPD mass spectrum of tryptic digested RNAse
B. Its acquisition took about 30 minutes. The autocorrelation line is
extracted, showing the mixture of BUP peptides, as well as a neutral-
loss line of all the doubly-charged peptides that lost a mannose unit
during fragmentation in the ICR-cell. The purple circles indicate the
glycosolated peptides found through extraction of the neutral-loss line. 211
6.6. Schematic representation of the newly designed compensated cylindri-
cal cell. The cell is constituted by four quarters (“sides”) forming a
cylinder. Each side has two external inner trapping rings, a central
detection or excitation plate alternating along the cylinder diameter,
and a pair of three compensation electrodes between the trapping and
the detection/excitation plates. Each plate is separated by ceramic
washers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
6.7. Different gold coatings on aluminium samples. The left part of the
figure shows the coating of a piece of aluminium with pure gold: the
surface was not smooth. The sample on the right, a ring of aluminium
coated with a layer of nickel and one of gold, shows a smooth, consis-
tent surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
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6.8. Variation of magnetization of three materials for the construction of
the cell with the applied magnetic field. As expected, there is an
increase of magnetization with the applied magnetic field H. This is
lower for the aluminium sample (black dots), and increases with the
gold-coating (red square) and the gold/nickel-coating. Calculations
showed that the magnetic susceptibility of the gold/nickel coating is
not high enough to influence the magnetic field of the 12 T magnet. . 215
6.9. Variation of magnetization with temperature for all the samples at 1
T. The aluminium and gold-coated samples show a linear trend with a
small decrease in magnetization with the increase in temperature. The
nickel/gold-coated samples exhibits higher values of magnetization at
low temperatures, decreasing rapidly with the increase in temperature.
The calculated values of χ for these responses were low enough to
consider the material suitable for the cell. . . . . . . . . . . . . . . . 216
6.10. Magnetization variation with the applied magnetic field (left) and tem-
perature (right) for the gold/nickel-coated sample with the coating
layer parallel and perpendicular to the applied magnetic field. . . . . 217
6.11. The assembled ICR-cell. This picture was taken before the application
of the Teflon plugs on the alignment rings. The ICR-cell is connected
to two external support rings through four aluminium rods (behind
the cell in the picture). The structure allows to isert the cell into a
home-built instrument setup. . . . . . . . . . . . . . . . . . . . . . . 218
6.12. The assembled ICR-cell, with focus on the alignment ring with four
Teflon plugs along its external diameter. . . . . . . . . . . . . . . . . 219
6.13. Simple schematic of the circuit required for the PCB. Sides of the cell
containing the detection plate and the excitation plate are connected
to the same PCB in pairs. The design with real measurements is
reported in Figure D.2 in the Supporting Information. . . . . . . . . 220
6.14. Printed Circuit Board (PCB) realized in kapton and OFHC copper.
Small resistors and capacitors can be seen, disposed according to the
circuit scheme showed in Figure 6.13. . . . . . . . . . . . . . . . . . . 220
6.15. Ultimated open compensated cylindrical ICR-cell of novel design. All
the electrodes are coated with a gold/nickel layer in order to guar-
antee a smooth consistent, oxidation-resistent surface, necessary to
improve ion motion coherence and control. The four cell quadrants
are aligned through the use of ceramic rods clamped to each electrode
and embedded in outer trapping rings. Ceramic washers allow sepa-
ration between each plate. The cell is here mounted on a structure
made of three aluminium rings and four rods, act to install it in the
home-built instrument that the O’Connor group is developing. . . . . 221
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A.1. Cleavage coverage map for one-dimensional top-down and bottom-
up analysis: map of the cleavages obtained with the top-down and
bottom-up analysis of CaM using IRMPD FT-ICR MS/MS. The total
cleavage coverage for the one-dimensional MS analysis is ~52%. For
comparison, the total cleavage coverage obtained with the 2D MS
analysis is ~40%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
B.1. Scheme 1: Structure of internal c ions from y ions. . . . . . . . . . . 285
B.2. (a) 2D mass spectrum of the ISD/CAD/ECDMS/MS/2D MS analysis
of Ubiquitin in denaturing conditions. (b) Extraction of the autocor-
relation line with percentage of the observed ions. In MS/MS/2D
MS, the autocorrelation line gives information equivalent to an MS3
experiment. (c) Zoom of the 2D mass spectrum, with highlight of a
fraction of the autocorrelation line, the electron-capture line, and sev-
eral fragment ion scans. In MS/MS/2D MS, fragment ion scans give
information equivalent to MS4 experiments. . . . . . . . . . . . . . . 297
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1. Introduction
Aspects of this chapter have been submitted as a book chapter, and are reproduced
with permission from Floris and O’Connor [1]. Unpublished work copyright 2018
Elsevier.
1.1. Mass spectrometry
Mass spectrometry is a qualitative and quantitative analytical technique for the
identification of molecules in mixtures of different complexities. The technique is
based on the detection of the mass-to-charge ratio (m/z ) of the analytes in the
gas phase, used then to assign their molecular structures. Mass spectrometry (MS)
was born more than 100 years ago, and since its conception it has been greatly
developed, to become finally an important investigation tool in every laboratory
where analytical chemistry is practiced. Particularly in the last decades, development
of new mass analysers and detectors, and hyphenation of different mass analysers
with the result of hybrid instruments brought MS to be an essential platform in the
fields of proteomics, metabolomics, glycomics, and other “omics”.
1.1.1. Principles of mass spectrometry
Each mass spectrometric instrument can be described according to the scheme in
Figure 1.1. In order to be manipulated, analysed, and detected, the analytes need
to be ionised. Charging of the particles occurs in the ionisation source (Fig. 1.1.a),
with consequent production of ions based on the technique and on the analytes’
ionisation efficiencies. Different ionisation sources produce, in fact, different kinds
of ions, e.g. by addiction of a proton or a metal ion, interaction with electrons,
detachment of protons, and so on. Consequently, ions produced can be positive or
negative. Ionisation techniques are divided in two main groups, based on the ability
to generate a molecular ion from an analyte and keep it intact, or to fragment it
during ionisation, thus generating fragment ions. Ionisation techniques that generate
ion fragments in the ionisation source are defined as “hard”, opposite to the ones that
generate only or mainly the molecular ion, called “soft” ionisation techniques. Both
the hard and soft ionisation techniques find their applications in routine analysis and
research, with preference for the latter, and some examples are elaborated below.
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1.2. FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS
SPECTROMETRY CHAPTER 1. INTRODUCTION
Once the ions are formed, they can be manipulated through electromagnetic fields,
in order to be selected and guided towards the mass analyser (Fig. 1.1.b), which
discriminates them based on their mass-to-charge ratio. The ions are subsequently
detected by the mass detector (Fig. 1.1.c), which records a signal (generally an
electric signal) proportional to their abundance. The signal is finally acquired and
processed in a data system (Fig. 1.1.d), and a mass spectrum is produced. A mass
spectrum is a plot of the abundances of the detected ions against their m/z.
Figure 1.1.: Scheme of an MS instrument. The sample is introduced in the ionisation
source, where the analytes are ionised. The resulting ions are then trans-
ferred to a mass analyser, which discriminates between them based on
their m/z, and subsequently to a mass detector, the part of the instru-
ment that allows to observe the signal. The signal is then acquired and
processed in a data system, and finally a mass spectrum is produced.
A wide range of mass spectrometers exists on the market, based on different mass
analysers and detectors and/or their hybridisation; on their portability, or specific
uses. Existent mass analysers include but are not limited to quadrupoles, magnetic
sectors, ion traps, time-of-flight (ToF), and Fourier-transform based analysers such
as FT-ToF, FT-ICR MS, and Orbitrap. All of the mass spectrometry work for this
thesis has been performed with Fourier transform ion cyclotron resonance (FT-ICR)
MS technology, with other methods referred to as needed.
1.2. Fourier transform ion cyclotron resonance mass
spectrometry
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is the
mass spectrometric technique with the highest performances in terms of resolving
power and mass accuracy. It is based on the motion of ions in a high magnetic field,
and the detection of their resulting ion cyclotron frequency, inversely proportional to
their mass-to-charge ratio. For its high resolution and mass accuracy, FT-ICR MS
has become an important platform in the major fields interfacing physical chemistry
and biology, such as metabolomics, glycomics, and proteomics, but also retains the
leading position in the investigation of complex mixtures, such as those deriving
from crude oils and other petroleum-based products, in a relatively new category
field called “petroleomics” [2]. The technique was invented in 1974 by Comisarow
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and Marshall [3, 4]by implementing FT to existing ICR technology, and today it is
practiced worldwide.
1.2.1. Principles of FT-ICR MS
FT-ICR MS follows the same principles explained in Figure 1.1 for every mass spec-
trometry technique. The analytes are introduced in the ionisation source as solids,
liquids or gases, and then eventually moved into the gas phase during ionisation.
The gas-phase ions are subsequently transferred, separated according to their m/z,
and finally detected. In FT-ICR MS, the mass detector and mass analyser coincide,
embodying the core of the instrument, the ICR-cell. The cell is a vessel constituted
by different electrodes and enclosed in a superconducting magnet, used to trap the
ions in motion.
Charged particles moving in a high magnetic field with a component of their velocity
perpendicular to the magnetic field axis experience a force known as Lorentz force.
For ions that move only perpendicularly to the magnetic field axis, assuming that no
electric field is present, the Lorentz force acting on the charged particles is given by
FL = qvB (1.1)
Where q is the charge on the particle (in Coulombs, C), v is its velocity (m/s) and
B is the magnetic field strength (Tesla, T). The total charge possessed by an ion
can be described as the number of electronic charges in the ion, z, times the electric
charge per electron e (Coulombs, C): q = ze.
Ions moving in different directions will follow a precession along the magnetic field
axis, with a frequency inversely proportional to their mass-to-charge ratio. This
frequency is known as cyclotron frequency, and it is described by the equations
fc =
qB
2pim
(1.2)
ωc =
qB
m
(1.3)
Where m is the mass of the ion (kg), and fc and ωc are respectively the cyclotron
frequencies in Hertz, Hz, and radiants per second, rad/s . As it can be seen from
equations 1.2 and 1.3, the cyclotron frequency is inversely proportional to the m/z
of the ions, allowing their discrimination and subsequent identification/assignment.
In order to be detected, ions moving inside a high magnetic field need to be trapped.
The ICR-cell traps the ions, and allows for their mass analysis and detection. De-
tection of the ions inside the cell can be described through a brief explanation of the
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ICR-cell structure. A schematic representation of a cubical FT-ICR analyser cell is
shown in Figure 1.2, bottom. The cell is aligned with the bore of a superconducting
magnet in a way that the magnetic field resultant is coaxial with the centre of the
cube (z -axis). The electrodes that constitute the cell are divided in excitation and
detection plates, opposite to each other. At the end of the cell, two trapping plates
are positioned perpendicularly in respect to the other electrodes. Inside the ICR-cell,
the ions move around the magnetic field axis in packets according to the experienced
Lorentz Force: detection of the ion packets occurs as they move across the detection
plates (Fig. 1.2, top right). Their passage causes the charges on the plates to move
within the detection circuit to counteract the proximity of the ions (an electron tran-
sit known as image current). This change in electrical potential can be measured
as a function of time, giving the raw data in the time domain, called transient sig-
nal. Detection is a non-destructive process, as the ions are repeatedly detected as
they pass close to the detection plates. The magnitude of the signal is given by the
proximity to the ions to the detection plates, independently of the magnetic field.
Ions inside the ICR-cell at thermal energy, however, do not have a sufficiently high
orbital radius to be detected. In order to be detectable, the ions must be excited to a
higher orbital radius through the use of a radio-frequency potential (RF) applied at
the excitation plates (Figure 1.2, top left). This RF potential has to be in resonance
with the ions cyclotron frequencies so that the ions are excited coherently. The RF
potential can be swept with a linear increase through the interested frequencies range
(RF “chirp”) [4] or applied through a technique known as stored-waveform inverse
Fourier transform (SWIFT) [5], in which a rectangular excitation frequency spec-
trum of the wanted frequencies is transformed through inverse Fourier Transform to
a waveform that is applied to the excitation plates.
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Figure 1.2.: Representation of excitation and detection (top) inside an ICR-cell (bot-
tom). Top: behaviour of the ions inside an ICR-cell when a d.c. potential
is applied to the excitation electrodes (top left) and when the ions are
close to the detection electrodes (top right). Bottom: representation of
a cubical ICR-cell, and the circuitry used to apply the excitation pulses,
and subsequently detect the ion charges. Ions enter the ICR-cell along
the z -axis, and are trapped by the voltage applied to the trapping elec-
trodes, perpendicular to such axis. Reproduced from Marshall et al.
[6].
The trapping plates at the end of the cell are used to restrain the ions inside the
vessel. A low potential is applied to these plates, usually of the order of 1 V. Although
low, the application of this potential ensures that the electrostatic field inside the
cell is not zero, and that the cyclotron motion does not occur along the exact centre
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of the cell. This configuration gives rise to the magnetron motion, bringing the
ions to move according to three components in total (Figure 1.3): cyclotron motion,
magnetron motion, and oscillation between the trapping plates (parallel to the z -
axis). The magnetron motion causes the ions to precess along higher orbits around
the magnetic field axis, basically acting as the cyclotron motion, but at a smaller
frequencies. The magnetron frequency depends on geometry of the cell (dimensions,
design), the trapping potential, and the magnetic field strength. It can be expressed
by the equations:
fm =
Vtrapα
2piBa2
(1.4)
ωm =
Vtrapα
Ba2
(1.5)
Where fm and ωm represent the magnetron frequency respectively in Hz and rad/s,
Vtrap is the trapping potential (in Volts, V), a is the distance between the trapping
plates, and α is a factor dependent on the geometry of the cell. The equations show
the independence of the magnetron motion from the m/z of the charged particles
inside the ICR-cell, determining the impossibility of any analytical use for such
phenomenon. Ions otherwise stable subjected to the magnetron motion continue to
expand their precession along the magnetic field axis, and they are eventually lost.
Currently the only effective way of returning ions to the centre of an ICR cell despite
magnetron motion is the use of quadrupolar axialisation. Such technique allows to
convert magnetron motion to unperturbed cyclotron motion (Equation 1.3), allowing
re-measurement of stored ion packets. Theoretically, the possibility to measure stored
ion packets an infinite number of times enables an “infinite sensitivity” measurement,
where the same ions are repeatedly detected and returned to the ICR cell, possibly
down to single-ion detection. Furthermore, this feature allows to accumulate many
scans of the same species without introduction of new ion packets and subsequent
usage of sample.
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Figure 1.3.: Ion motions inside an ICR-cell. The magnetic field is along the z -axis.
Courtesy of Bruker Daltonics, Bremen, Germany.
Due to the presence of different motions, the measured cyclotron frequency is reduced
according to
ω−c =
ωc
2
−
√(ωc
2
)2 − ω2z
2
(1.6)
where ωz is the “trapping” oscillation frequency, given by the equation ωz =
√
2qVtrapα
ma2
.
The cyclotron frequency of the ions within the magnetic field is independent of their
kinetic energy, difficult to control and cause of major variance in mass analysers that
use it to discriminate different mass-to-charge ratios, such as ToF-MS analysers [6].
However, the motion of ions discussed above assumes an ideal vacuum, which is un-
fortunately unobtainable. Collisions between ions and background gas molecules can
perturb ion motion causing the cyclotron frequency to decrease to an undetectable
level. Excessive collisions with background gas can quickly lead to loss of ions from
the ICR cell, preventing measurement. As shown in Figure 1.4, ions in motion inside
a magnetic field that collide with gas molecules inside the ICR-cell see a rapid de-
crease of their cyclotron motion in favour of an increase of their magnetron motion,
which slowly pushes them towards the electrodes. It is for this reason that FT-ICR
MS is performed in conditions of ultrahigh vacuum (UHV), despite the drawbacks
of its setup.
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Figure 1.4.: Ion cyclotron motion and magnetron motion inside a cubical cell. The
magnetic field is perpendicular to the page, and the oscillation along the
z -axis is not shown. Top: The magnetron motion, at slower frequen-
cies, shows a higher radius than the cyclotron frequency. Bottom: Ions
moving inside the ICR-cell at their cyclotron and magnetron frequencies
change behaviour in the presence of gas molecules. The cyclotron mo-
tion decreases quickly, while the magnetron motion increases, bringing
the ions closer to the cell electrodes, until they are neutralised. Adapted
from Amster et al. [7]
Finally, in order to extract data from the information obtained through the transient,
a mathematical process known as Fourier Transform (FT) is applied. The algorithm
transforms the time-domain data as a function of the cyclotron frequencies. A spec-
trum of the frequencies is obtained, which is calibrated and converted into a mass
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spectrum, using the relation between the cyclotron frequencies and the masses of the
ions illustrated by equations 1.2 and 1.3 (Figure 1.5).
Figure 1.5.: Conversion of acquired FT-ICR MS data from the domain of time to a
mass spectrum. The transient signal (a), representing the image current
acquired as a function of time, is converted into a spectrum of frequencies
(Hz) through a Fourier transform (b). The spectrum of frequencies is
subsequently calibrated and converted into a mass spectrum (c).
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1.2.2. Performance parameters
The parameters used universally to describe the performance of a mass spectrometry
technique are mass accuracy and resolving power, and FT-ICR MS excels in both of
them.
Mass measurement accuracy (MMA, abbreviated commonly in “mass accuracy”) rep-
resents the efficiency of the correlation between an accurate mass, the experimentally
determined mass of an ion measured to determine the elemental formula of the ion,
and its exact mass, i.e. the calculated mass of an ion whose elemental formula,
isotopic composition and charge state are known [8, 9]. The exact mass is the the-
oretical mass. MMA is defined by the equation MMA = mobs−mthemthe where mobs is
the observed, accurate mass, and mthe is the exact (or theoretical) mass, in Dalton.
Due to the high performances in FT-ICR MS, such parameter is indicated in parts
per million (ppm), corresponding to 10-6 Da. Therefore, the equation of MMA for
FT-ICR MS becomes:
MMA =
mobs −mthe
mthe
· 106 (1.7)
For the vast majority of mass spectrometers on the market, the absolute MMA (or
AMMA) reached is in the order of tens of ppm, while for FT-ICR MS its value is
indicated at around 1 ppm or lower [6].
In mass spectrometry, mass resolution represents the ability to separate two narrow
peaks in the mass spectrum, and it is defined by considering two peaks of equal
height and distance Δm as
Resolution =
m
∆m
(1.8)
where m is the mass of the second peak and the distance between the two different
peaks can be calculated at 0.5%, 5%, or 50% from the apex of the lower intensity
peak by convention. The two peaks have to be separated by a valley not higher
than 10% of their height. Resolution can be defined for single peaks as well. In that
case, Δm represents the width of the peak at a given peak height percentage, as a
function of its mass. The former way to express resolution in mass spectrometry is
called “10% valley definition”, and the latter is called “peak width definition”. The
first is often associated with magnetic-sector instruments, while the second is more
typical of time-of-flight or FT-MS instruments [10]. High values of resolution indicate
a better performance of the instrument or the technique. In order to use resolution
as defining parameter, several values of resolutions at different masses are usually
indicated.
In FT-ICR MS, and generally in all types of Fourier transform spectroscopy, the
term resolution is attributed to the width of a peak at a certain mass, usually at
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50% of its height. This definition is called “full width at half maximum”, FWHM. The
parameter that can be used to define the mass resolution achieved by an instrument
or a technique is the resolving power (RP), defined as
RP =
m
∆m
(1.9)
Where Δm is the resolution defined as FWHM. In FT-ICR MS, high values of
resolving power determine the performance of the technique, and they are required
to achieve ultra-high resolution. Resolving power is important to resolve close spaces
between peaks, as the ones given by complex mixtures or multiply charged ions, and
the possibility to use high-resolution instruments can make the difference in the
discrimination of the species of interest. An example of this is reported by Feng et
al. for a case where the high resolution of a 9.4 T FT-ICR mass spectrometer allowed
a nitrogen-containing fullerene derivative to be identified as it was possible to resolve
12C59 14N+ (exact mass 722.002525) and 12C58 13C2+ (exact mass 722.006161) [11].
Without the usage of such instrumentation, the presence of the nitrogen-containing
species could not have been confirmed, as only one signal might have been observed,
associated with the only-carbon fullerene ion.
Time-of-flight mass spectrometers usually reach resolving powers of about 20000,
and magnetic-sector instruments can approach 100000. Contemporary FT-MS in-
struments can routinely reach RPs of hundreds of thousands, with the highest perfor-
mance offered by FT-ICR MS, routinely reaching about 500000 in broadband mode
(the standard experimental conditions) and a few millions in heterodyne mode [12].
Heterodyne or narrowband mode is a set of experimental conditions in which a very
narrow range of m/z is analysed at very high resolution (see Section 1.5.2.1).
In Fourier Transform mass spectrometry, spectra are acquired with a dataset size
decided by the user in the form of data points. The number of data points determines
the length of the transient, and the rate at which they are used depends on the
sampling frequency. The sampling frequency is determined by the highest cyclotron
frequency (i.e. the lowest m/z ) set in the mass spectrum, and must be equal to at
least twice that parameter, according to the Shannon-Nyqvist theorem. According to
such theorem, the transient length, or acquisition time Tacq, depends on the dataset
size and the sampling frequency as in the following equation
Tacq =
N
S
(1.10)
Where Tacq is the acquisition time in seconds, N the dataset size and S the sampling
frequency (Hz). The resolving power is therefore dependent on the acquisition time,
but it is inversely proportional to m/z. Increasing the low mass cut-off improves the
resolution/resolving power by allowing for more data points to be used for acquisition,
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provided that the ions can maintain their motion coherence inside the ICR-cell.
Finally, both mass accuracy and resolving power increase with the magnetic field
strength, as shown in Figure 1.6 for different performance parameters. The advan-
tages of having a high magnetic field push the development of bigger and better
magnets, explaining why magnet design is an area of focus in FT-ICR MS research.
Figure 1.6.: Dependencies of different FT-ICR MS parameters on the magnetic field
strength. Reproduced from Marshall et al. [6]
1.2.3. Signal acquisition
FT-ICR mass spectrometers are equipped with several independent components
whose parameters can be adjusted in order to acquire the best spectra of the MS
field. Users can manipulate their samples in order to improve the ionisation efficiency,
the transfer of intact ions through the different parts of the instrument (skimmers,
funnels, ion guides, collision or reaction cells, ion traps, flight tube, and finally the
ICR-cell), their fragmentation (see “Tandem mass spectrometry” in Section 1.6), and
their detection. The individual work done by the user to find the best parameters
for signal acquisition, by changing the voltages in the various lenses or similar pa-
rameters and monitoring the signal strength, is called “tuning”.
The main visual parameters used to tune the acquisition method are the signal
strength and the peak shape of the analytes in the mixture. In contrast with the
more common experimental procedure of maximising the signal strength, the high
resolution of FT-ICR MS allows for the shape of the shown peaks, which should
be between a Lorentzian and a Gaussian bell, to play an important role in signal
acquisition. A perfect shape is an index of good motion coherence inside the ICR-
cell. On the other hand, distorted peak shapes (or peak splitting) may indicate
different perturbances given by the inability of the ICR-cell to contain the ions at
the set parameters, ion loss, or other kinds of perturbances given by the the presence
of a large number of ion packets inside the ICR-cell. Such problems are given by
the interaction of the ion packet clouds, which undergo Coulombic repulsion. These
interactions are of different forms, and are referred as space-charge effects [13, 14, 15,
16]. Space-charge effects reduce the achievable resolving power and mass accuracy,
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and users should be aware of them in order to minimise them. When ion population
inside the ICR-cell is excessive, space-charge effects can lead to a phenomenon called
ion coalescence, for which two peaks of different species or isotopes of the same
species converge into an observable one (Figure 1.7) [17]. By minimizing the trapping
potentials, thus allowing more space for the ions to move along the z -axis, and
carefully regulating the number of ions inside the ICR-cell, ion coalescence and other
space-charge effects can be minimised. Ions inside the ICR-cell can be controlled
by regulating the in-source accumulation of ions and the potential used to generate
them, and by controlling the accumulation times of external ion traps (such as a
hexapole) before introducing such ions in the cell.
Each ICR-cell has its own tuning parameters, and for cylindrical cells such as the
Infinity cell [18] the excitation of ions at high cyclotron radii allows to increase the
available space. However, for the same cell, confining the analytes to the center of the
z -axis by increasing the trapping potential allowed to achieve ultra-high resolution
in narrowband mode, previously referred to as heterodyne mode [12].
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Figure 1.7.: Effect of the trapping voltages on ions of poly(ethylene glycol) (PEG) in-
side an ICR-cell. The application of a Vtrap of 3 V causes the immediate
coalescence of the different isotopologues of PEG and the shift in fre-
quencies, giving unexpected masses for the molecule under analysis. By
diminishing the value of Vtrap, gradual improvements can be observed,
with the comparison of more peaks, and the increase in mass accuracy
(the cyclotron frequencies shift back to acceptable mass values, situation
visible by observing the space in mass between the isotopologues) and
resolving power (narrower peaks). The mass spectra are reported at the
relative intensities of the observed ions. Reproduced from Amster et al.
[7]
1.3. Ion sources and ionisation techniques
FT-ICR MS has been coupled with almost all the existing ion sources to improve the
range of analysable samples, from the simplest and most common electron ionisation
(EI) and chemical ionisation (CI) [19], to niche techniques such as fast atom bom-
bardment (FAB), atmospheric pressure photoionisation (APPI) [20, 21], atmospheric
pressure chemical ionisation (APCI) [22, 23], and metastable atom bombardment
[24]. Nowadays, the ionisation techniques that are mostly coupled with FT-ICR MS
are matrix-assisted laser desorption/ionisation (MALDI) and electrospray ionisation
(ESI). Both the techniques are labelled as “soft”, as they minimise the formation of
fragment ions during ionisation, with the formation of only or mainly the molecular
ion. The absence of in-source fragmentation is particularly important for complex
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mixtures, whose original composition, already complicated by a significant amount of
often overlapping isotopic distributions, has to be analysed without the interference
of fragment ions.
1.3.1. Matrix-assisted laser desorption/ionisation (MALDI)
Matrix-assisted laser desorption/ionisation (MALDI) is a soft technique invented in
the 1990’s [25], which yielded a Nobel prize to one of its developers. MALDI makes
use of solid samples enclosed in a matrix, which is given the task to solvate and acti-
vate the analytes. The technique is generally performed in an under-vacuum source,
even if different groups were able to achieve MALDI at pressures close to atmospheric
pressure (AP) [26, 27, 28]. In MALDI, ionisation occurs by laser activation of the
matrix, which absorbs the UV light undergoing photoionisation itself. The ionised
matrix molecules subsequently activate the analytes by proton transfer, generating
positive ions when proton adducts occur, or negative ions when a proton is detached
from the sample. Other salts in the matrix can be ionised and provide adducts for
the formation of ions of the molecules of interest. The process is shown in Figure
1.8. Because of the necessary laser activation, MALDI is not a continuous source,
but it generates ions in pulses, dictated by the laser pulse frequency.
Figure 1.8.: Process of ionisation with MALDI, in this case generating positive ions.
The UV-laser beam ablates the matrix surface, with consequent pho-
toionisation of its molecules. The matrix ions transfer a proton to the
analyte molecules, which become cations, and can be introduced to the
core of the instrument by manipulation via electric fields. Courtesy of
Bruker Daltonics, Bremen, Germany.
After the development of MALDI, intensive studies to find the best matrices for
the technique were performed, with preference for molecules containing one or more
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chromophores in order to absorb the UV photons necessary for their activation.
Common molecules such as 2,5-Dihydroxybenzoic acid can be used as matrixes for
MALDI, as long as they can absorb photons provided by the UV laser activation.
Some examples are shown in Figure 1.9.
Figure 1.9.: Structures of the most common compounds used as MALDI matrices.
MALDI is very easy to use as long as a good sample preparation is performed, and
it can be used for a wide range of molecules. The technique produces singly-charged
ions in the vast majority of cases, a characteristic that constitutes one of its main
advantages because it does not overcomplicate complex mixtures with the presence
of the same species at multiple charges, but also one of its disadvantages since it
limits the detection of high-mass macromolecules that can be over the upper mass
limit. Furthermore, the ions produced by MALDI are generally “hotter” and more
difficult to manipulate inside the mass spectrometer, meaning that a higher ion
cooling by soft collisions with background gas during ion transfer and a more careful
setting of the trapping plates are necessary. Finally, photoionisation of the matrix
generates ions that are detected together with the molecules of interest, complicating
the resulting mass spectra in the low-mass region. This situation, called matrix
effect, hinders the assignment of species of interest at low m/z. The production
of mainly singly-charged, higher-energy, ions, and the matrix effect are the reasons
why ESI is often preferred to MALDI. However, MALDI is an effective ionisation
technique, which demonstrated its utility in the application of MALDI-MS of small
molecules, as well as biomolecules, and especially polymers, for which the generation
of singly-charged polymeric distributions at high m/z helps in the determination
of their characteristics, such as their average molecular weights, polydispersity, and
functional end groups (See Chapter 5).
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1.3.2. Electrospray ionisation (ESI)
Its characteristic of “soft” ionisation technique is not the only reason why electro-
spray ionisation is nowadays the technique that is mostly coupled with FT-ICR MS.
Opposite to MALDI, ESI introduces samples in the mass spectrometer as liquids,
thus increasing the number of species that can be analysed, as long as they can
be dissolved. Also, ESI frequently leads to the formation of multiply-charged ions,
which coupled with the high resolving power of FT-ICR MS can further expand the
analysis range by reducing them/z of macromolecules whose mass would normally be
over the upper mass limit of the technique when singly charged. As for the MALDI
technique, ESI yielded its developers a Nobel prize [29, 30, 31].
The operational arrangement for ESI is shown in Figure 1.10. The liquid sample is
exposed to a potential difference that causes charge separation inside the solution.
It is then passed through a fine needle with the aid of a syringe pump. As the
sample exits the needle, it is exposed to an inert gas, such as nitrogen, which causes
the solution to nebulise through formation of a Taylor cone. Droplets form from
the Taylor cone, and desolvate until the Coulombic repulsions of the charges inside
them overcome their surface tension (the Rayleigh limit). Over the Rayleigh limit,
the droplets undergo Coulombic explosions or discharge events with the formation
of smaller droplets and eventually ions. A difference of potential is applied between
the needle and the instrument front end, of a polarity opposite to the ions of interest
(Figure 1.10). The small droplets continue the process of desolvating until only ions
in the gas phase are left, and the ions are attracted to the front-end of the instrument
and finally introduced into the mass spectrometer [32, 33].
Figure 1.10.: Schematic depiction of an ESI source operated in positive ion mode. A
Taylor cone is generated at the tip of the needle, with subsequent for-
mation of droplets, and desolvation until the Rayleigh limit is reached.
The generated ions (positive) are attracted by the spray shield of the
mass spectrometer inlet, negatively charged.
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Figure 1.11.: Schematised configuration of ESI for MS experiments in a Bruker ESI
source. The sample is introduced through the sample inlet in the elec-
trospray needle, where a potential difference is applied in order to sep-
arate charges. When the droplets exit the tip, desolvation is aided
by a nebuliser gas (nitrogen, in this case), and the resulting smaller
droplets/ions are attracted to the spray shield, charged with an oppo-
site polarity. Finally, the generated ions are introduced into the mass
spectrometer. The generated ions are attracted by the spray shield, at
an opposite charge. Courtesy of Bruker Daltonics, Bremen, Germany.
Different models are used to explain the desolvation of molecules into the gas phase,
the most accredited of which are the ion ejection model (IEM) and the charge residue
model (CRM). The models are visually explained in Figure 1.12. The first model
suggests that the field outside the droplet eventually becomes sufficient for a small
charged analyte to be ejected from the liquid-phase medium (Figure 1.12.a) [34],
while the second is based on subsequent evaporation/fission of the droplets into pro-
gressively smaller ones, until only one ion on average is left [35, 36, 37]. Analytes enter
the gas phase when the droplet evaporates completely, leaving the residue charge on
the particles (Figure 1.12.b). Studies demonstrated that small ions form according
to the IEM, while large particles (such as folded proteins or protein complexes) are
liberated into the gas phase through CRM.
A third mechanism for ion formation in ESI has been proposed by Konermann et
al., the chain-ejection model [38]. This model explains the formation of ions of
long polymers or unfolded proteins. In fact, due to their elongated structure, such
molecules tend to migrate away from the centre of the droplets, by exposing their
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most hydrophobic moieties towards its surface. Eventually, the terminus of the
polymer/protein is ejected from the droplet, and consequently charged due to its
proximity to the droplet surface (where the charges are). This ejection triggers the
subsequent release and charging of the rest of the polymeric/amino acid chain, with
the ion eventually being liberated into the gas phase (Figure 1.12.c).
Figure 1.12.: Models used for the evaporation of droplets into the gas phase with gen-
eration of charged particles in electrospray ionisation. (a) Ion evapora-
tion model (IEM). (b) Charge residue model (CRM). (c) Chain-ejection
model (CEM).
ESI produces both positive and negative ions, and usually the polarity of the applied
potential difference is chosen based on the sample, and can be changed by the user
to introduce both positive and negative ions alternatively.
Mass spectrometry is based on the identification of species based on their m/z. For
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higher charges, the mass-to-charge ratio of the molecules under analysis diminishes,
allowing - as mentioned - to observe macromolecules whose mass would normally be
over the upper mass limit of the technique. FT-ICR MS’s resolving power allows
to observe the isotopic distribution of the species under analysis, up to their fine
structure. A peak is resolved when a clear noise line can be observed between two
adjacent peaks. The charge of a species can be determined through the difference in
m/z between two peaks of the same isotopic distribution,usually the mono-isotopic
peak M and its M+1 isotopologue. The distance between these two peaks corre-
sponds to ∆m/z = 1/z Daltons per charge, allowing to calculate the charge z of the
species. The ability to assign the charge of a species of a certain mass-to-charge ratio
allows to assign the molecule, thus allowing for identification of macromolecules of
considerable size. The presence of the same molecule at different charge states may
complicate the resulting mass spectra, but in case of FT-ICR MS the resulting lower
m/z means higher resolution and so the possibility to analyse larger molecules. Most
mass spectrometers are able to perform reasonably over m/z 10000, most notably
ToF instruments, which can analyse proteins in the ultrahigh mass range (m/z >
20000) at expenses of RP [39, 40], but an optimal experimental m/z range is often
obtained at lower mass-to-charge ratios. E.g. for FT-ICR MS, the optimal experi-
mental m/z range is between ∼150 and 5000. The ability to add multiple charges to
a molecule in order to bring it into the optimal range is a benefit to the entire MS
field. One of the main advantages of ESI is also a direct connection with separation
techniques such as liquid chromatography (LC), providing hyphenation of the two
techniques (LC-MS) for on-line analysis of complex mixtures [41].
The growth of electrospray ionization promoted the growth in FT-ICR mass spec-
trometry, for FT-ICR mass spectrometers offer the ultra-high resolution which is
particularly well suited to coupling with ESI. For these reasons, ESI FT-ICR mass
spectrometry has become increasingly important for the study of biological molecules
in recent years.
1.3.2.1. nanoelectrospray ionisation (nESI)
In order to provide a lower sample consumption, electrospray ionisation has been
scaled down to a much smaller size, with the development of nanoelectrospray ion-
isation (nESI) [42, 43]. nESI makes use of much smaller ion emitters, reduced to
needles with orifices between 1 and 10 μm . As a consequence, smaller droplets
are formed, with a major efficiency of the ionisation technique. Due to the reduced
droplet size, nESI does not require the aid of a nebuliser gas, and the sample is
pushed into the mass spectrometer entirely with the application of a potential dif-
ference between the emitter and the front end of the mass spectrometer and the
vacuum inside the ion source. Hence, no syringe pump is required. nESI produces
much smaller plumes at a very low flow rate (in the range of about tens nL/min)
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compared to ESI [44, 45, 46], and the emitters are positioned more closely to the
instrument compared to the above-described technique (> 1 mm) [47]. The emitters
can be purchased or laboratory-made, usually by pulling borosilicate glass, metal,
or silica tips. In any case they are coated with a conductive material, or they are
connected to a conducting wire, in order to provide electrical contact with the so-
lution and complete the circuit that attracts the sample out of the emitter. The
experimental setup of nESI is shown below (Figure 1.13).
Figure 1.13.: Experimental setting for nanoelectrospray ionisation. The ion emitter
is positioned close to the mass spectrometer inlet, due to the smaller
plumes generated by the desolvation of the formed droplets. The elec-
trical continuity between the solution and the instrument front end is
maintained through a metal coating at the tip of the emitter. .
1.3.2.2. ESI/nESI of proteins
The ability of ESI to generate multiply-charged ions is well suited for the analysis of
large proteins, which necessitate of and can accommodate more than one charge in
order to be detected in the optimal m/z range. Peptides and proteins contain many
functional groups in their amino acids that are able to retain positive or negative
charges, most notably the side-chain residues of arginine, lysine, histidine, and the
N-terminus of the chain, through addition of a positive adduct (proton or cation),
and glutamic and aspartic acid, through deprotonation. In order to be charged, these
sites need to be exposed to the solvent, meaning that if the protein is in a particular
conformation for which these charging sites are enclosed in its tertiary or quaternary
structure, multiple charge states do not occur extensively. Tertiary and quaternary
structures refer respectively to the three-dimensional structure of a protein chain
or the structure resulting from aggregation of more chains that operate as a sin-
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gle functional unit. Protein conformations depend on the environmental conditions,
such as solvent, pH, temperature, and so on, and can be manipulated accordingly.
The use of mixtures of organic and aqueous solvents, usually water/methanol or wa-
ter/acetonitrile 50/50 v/v, and the addiction of an acid, usually formic acid or acetic
acid, up to 0.3% of the total volume of the solution, helps protein unfolding, making
more sites accessible for protonation. The experimental conditions that use solvents
and acids in order to unfold (“denature”) the proteins under analysis are called dena-
turing conditions. Usually, a higher charge is preferred in order to analyse proteins
with a considerable accurate mass, above all for more informative experiments, such
as tandem mass spectrometry (see Section 1.6). In denaturing conditions, ESI-MS
of proteins usually exhibits a wide range of charges, reporting in the mass spectrum
multiple isotopic distributions of the same protein with different charges and different
combinations of adducts. Although this situation might overcomplicate mass spec-
tra with more than one analyte, the presence of proteins in more than one charge
state represents an advantage for tandem mass spectrometry, since fragmentation
of some proteins depends on their conformation. Therefore fragmenting different
charge states provides additional information about their structure [48]. However,
the presence of multiple charge states makes that the signal provided by a protein in
solution is divided on the spectrum between all its charge states/different adducts,
reducing the sensitivity of the technique.
Denaturing conditions are ideal when the primary structure of a protein, i.e. the
amino acid sequence, needs to be elucidated, e.g. for preliminary studies on pro-
teins or de novo sequencing. However, the use of harsh solvents and low pH dis-
rupts the most labile bonds, hindering the identification of some post-translational
modifications (PTMs) and a more elaborated structural analysis of the tertiary and
quaternary structure. Whenever a protein conformation or delicate interactions be-
tween protein sites need to be studied, proteins are dissolved in conditions that
resemble their native environment, called indeed “native conditions”. Native condi-
tions may involve the use of buffer solutions, but not of organic solvents or acids,
and ESI temperatures are kept lower compared to the standard ESI experimental
conditions. Most buffers used in structural biology are not easily compatible with
ESI-MS because the involved salts hinder the protein ionisation process, leading to
signal suppression. For its compatibility with ESI-MS, aqueous ammonium acetate
is used as a buffer solution for native protein analysis, in concentrations between 5
mM and 1 M [49]. Native conditions are more technically challenging, due to the
less effective ESI desolvation and the more folded protein conformations, which limit
the availability of the protonation sites [50, 51, 52].
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1.4. Ion transfer
All sorts of ion manipulations inside an FT-ICR mass spectrometer are performed
through the application of electromagnetic fields, from the potential difference ap-
plied to attract the ESI-generated ions from the ion source to the mass spectrometer
inlet, to the various ion funnels, lenses and guides used to move the ions inside the
instrument.
Ion funnels allow to focus the widely spread plumes of ions and neutral gas molecules
generated in-source towards a smaller orifice [53]. This phenomenon is achieved
through the use of a series of capacitively-coupled metal plates starting with a central
wide circular aperture, which becomes smaller with every plate, hence the name
funnel. The plates are held at alternative voltages in order to attract or direct
ions in the right direction. A more traditional method to achieve the same process
as ion funnels is the use of conductive metal cone-shaped funnels called skimmers.
Skimmers are still in use in contemporary ion sources for their ability, at high applied
voltages, to cause ion-skimmer collisions, which aid the desolvation of large ESI-
generated ions and salt-clusters [54]. The variation of the voltages applied to the
skimmer surfaces also allows to perform nozzle-skimmer dissociation [55, 56], an
in-source dissociation (ISD) which generates fragments similar to other collisionally-
activated techniques (See Section 1.6, and Chapter 4 for an application of ISD).
Although ion skimmers and funnels are able to focus and direct ions towards confined
parts of the mass spectrometer, they are not able to transfer or store ions in the re-
quired UHV conditions for FT-ICR MS. This task is given to multipoles, components
made of bars alternatively charged with opposite polarities (Figure ??). Classical
examples of multipoles are the quadrupole, hexapole, and octopole. Although the
quadrupole can be used as a mass analyser [57], its ability to discriminate between
masses is here used to select specific masses, allowing to manipulate the ion pop-
ulation of the ICR-cell. Quadrupoles are used to select small ranges of m/z by
stabilisation of the selected masses and destabilisation of the others, which would hit
the rods, lose charge, and be pumped out of the instrument as neutral gas molecules
(Figure 1.15) The selected ions can subsequently be stored and accumulated in an-
other multipole, such as an hexapole. Principles of the stabilisation of the ion transfer
through multipoles are given by the Mathieu stability diagram (Figure 1.15.a). By
varying the values of a and q, ions are brought in or out the stability area. Ions
in the stability area are successfully transmitted as per trajectory similar to Figure
1.15.b. Ions outside of the stability area are not transmitted, as per Figure 1.15.c.
The selection of a certain range of mass-to-charge ratios of interest is called isolation
(in this case, “quadrupole” or “quadrupolar isolation”). Ion accumulation in a trap
contributes to manipulate the total number of ions that enter the ICR-cell, and it is
a fundamental part of tuning. The possibility to isolate ions before they enter the
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ICR-cell is also a great advantage for tandem mass spectrometry, because it allows
to fragment one species at a time. Hexapoles and octopoles are more effective ion
guides than quadrupoles, and the former can be used as collision cells for the ions
selected through quadrupolar isolation.
Figure 1.14.: Examples of mutipole ion guides and relative ion fields. Top:
quadrupole composed of four hyperbolic rods, and octopole with cylin-
drical rods. Bottom: electric field inside an octopole, showing the trap-
ping potential in a perpendicular section and as a tridimensional visual-
isation. Ions are confined in the central part of the ion guide, oscillating
around the “well” of lowest potential. NB. The rods alternate polarity
as a function of time. Reproduced from http://www.massspecpro.com/
technology/ion-optics/multipole-ion-guide, accessed 16/08/2017.
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(a)
(b)
(c)
Figure 1.15.: Ion trajectories inside a quadrupole. (a) Stabilised ions will travel
the entire quadrupole range. (b) Destabilised ions will eventually
expand their trajectory until they hit the quadrupole rods, with
consequent loss of charge, and impossibility to be manipulated towards
the mass analyser. Reproduced from chromacademy.com (http://
www.chromacademy.com/lms/sco36/Fundamental_LC-MS_Mass_
Analysers.pdf), accessed 17/02/2018.
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1.5. ICR-cells
1.5.1. Cell geometry and development
ICR-cells of cubic geometry were the first cells to be built and used for many years
on successful experiments [58, 59], despite their main drawbacks of low ion capacity
and not being optimised for superconducting magnet geometries. Many ICR-cells
designs followed the cubical cells with time, each act to overcome different challenges
of the FT-ICR MS experiments. The main developments in geometry of ICR-cells
are shown in Figure 1.16 after the cubic design (Figure 1.16.a)
Figure 1.16.: ICR-cell geometries. a) Cubic cell. b) Cylindrical cell. c) Infinity cell.
d) Open cylindrical cell. e,f) Compensated cylindrical cells with dif-
ferent numbers of “shimming” electrodes. g) Dynamically harmonised
cell. D = detection. E = excitation. T = trapping. C = compensation.
Reproduced from Nikolaev et al. [60].
The closed cylindrical cell (Figure 1.16.b), with two pairs of excitation and detec-
tion electrodes, was developed to optimise the magnetic field linearity inside the cell,
when enclosed in the superconducting magnet bore. The curved shape of the detec-
tion electrodes allowed their more prolonged exposition to the ions orbiting inside the
cell, improving sensitivity. The closed cylindrical cell, although optimised in shape
for the magnet hardware and better detection, suffered from the presence of the trap-
ping plates, which caused electric field permeation through the cell with subsequent
perturbation of the ion motions at its center. Open-cell geometries such as the cylin-
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drical cell of Figure 1.16.d were developed to resolve this problem, but suffered from
ion ejection towards the z-axis (z -ejection) following the excitation event [61]. z-
ejection was subsequently resolved by capacitively coupling the excitation electrodes
to the trapping electrodes [62]. Figures 1.16.e and f represent compensated open
cylindrical cells based on the models proposed respectively by Tolmachev et al. [63]
and Bruskern et al. [64]. The purpose of the original compensated cylindrical cell
was to minimize the effects of the nonlinear components of the electric field inside
the cell. The theory of FT-ICR MS implies the motion of ions in a theoretically in-
finitely linear magnetic field, and non-linearities introduce variations in the cyclotron
frequencies based on the position of the ion in the cell, leading to a reduced resolv-
ing power and mass accuracy . The cell is a cylindrical vessel constituted by four
identical sides which contain, starting from the base of the cylinder, two external
end-caps, two inner trapping plates, two sets of compensation (or shim) electrodes,
and the excitation or detection plate. In the capacitively-coupled open cylindrical
cell, excitation and detection electrodes are capacitively coupled in order to reduce
the z -ejection during the excitation event [65, 66].
In order to avoid the problems caused by end-cap electrodes and a cell of finite dimen-
sions, Caravatti et al. introduced the Infinity cell (Figure 1.16.c). The Infinity cell is
a closed cylindrical cell with special trapping electrodes, made of wires mounted on
a ceramic circular surface with a design that mimics the behaviour of an infinitely
long ion trap. The cell virtually eliminates the z -ejection, with consequently im-
proved sensitivity compared to the open cylindrical cell. The main disadvantages of
the Infinity cell are the required extensive tuning, the small ion capacity, and a high
dependence of the performance from the cell alignment, due its small size and close
geometry, which cause challenges when laser/electron beams are used for extended
experiments. Nonetheless, the Infinity cell has been for years the main core of the
Bruker Daltonics FT-ICR mass spectrometers, achieving RP > 106 and MMA close
to ppb [12].
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Figure 1.17.: Scheme of a transversal section of the Infinity cell. Top: inside of the
Infinity cell, with associated circuitry. The electrodes named “Transmit-
ter” are the excitation electrodes, while the “Receiver”s are the detec-
tion electrodes. Bottom: trapping plate of the Infinity cell. The wires
mounted on a ceramic surface mimic the behaviour of an infinitely long
ion trap. Reproduced from Caravatti et al. [18].
Figure 1.16.g shows the dynamically harmonised cell by Nikolaev et al. [67, 68, 69,
70, 60]. The dynamically harmonised cell, or para-cell, is based on the concept of
electric potential space-averaging via charged particle cyclotron motion, permitting
an electric force distribution along its cylindrical shape to be equal to the distribution
that would be created in an ideal ion trap. The main particularity of this cell are the
unusual “leaf-shaped” electrodes. The para-cell reached a RP of over 20M on ions
of reserpine (m/z 609) and more than 1M on highly charged BSA ions (m/z 1357)
already in its initial sperimentation in 2011 [68].
Development of ICR-cells continues to be a major focus of FT-ICR MS research,
with the production of more and more particular cells with singular design goals,
trapping electric field shapes, and electrode designs. An example of which is the
narrow aperture detection electrodes (NADEL) ICR-cell, which makes use of seg-
mented trapping rings, grid excitation electrodes, and narrow detection electrodes
positioned radially inward of the cell’s axis (Figure 1.18) [71]. The NADEL cell offers
an improved electric field distribution due to the decrease in disturbance created by
the insertion of the narrow detection electrodes, and, among other advantages, the
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possibility to record simultaneously more than one transient when more NADELs
are paired inside the cell. Such studies had been performed before only by coupling
more ICR-cells in series.
Figure 1.18.: The NADEL ICR-cell. Top: tridimensional structure of the NADEL
ICR-cell, showing the grid-shaped excitation electrodes on the top
and bottom of the cylinder, and the narrow aperture detection elec-
trodes, inserted transversally into the cell body. Bottom: scheme of
the NADEL ICR-cell, showing the design of the four quarters of the
cylinder. Reproduced from Nagornov et al. [71].
Finally, in an attempt to improve the availability of ICR-cells to a wider range
of users, the Pasa-Tolic group developed such mass analysers using only printed
circuit boards (PCB) [72]. The approach was successful, but the PCB-made ICR-
cells showed a lower tolerance to UHV compared to the standard ones. The use of
PCBs to build ICR cells sparked the idea to build cheaper ICR-cells to continue the
multiple-detection experiments mentioned above [73].
1.5.2. Ion excitation/detection in the ICR-cell
The excitation/detection procedure performed in the ICR-cell has been briefly ex-
plained in Section 1.1.1 and its here reported in Figure 1.19 for a schematised cylin-
drical cell.
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Figure 1.19.: Excitation/detection shown for a cylindrical cell. Left: The ions pre-
cess along the magnetic field axis according to their cyclotron frequen-
cies, when a radio-frequency pulse emitted by the excitation electrodes
transfer energy to their motion. The ions are excited to higher cyclotron
radii independently from their kinetic energy. Right: the coherent ion
packets transit close to the detection electrodes, causing the charges
of the opposite polarity to move across the plate, generating an image
current. After a phase of pi, the ion packet will cross the opposite detec-
tion electrode, generating the same current, and repeating this process
until the ion motions are less stable. The frequency with which the
ions approach the pair of detection electrodes is equal to the (reduced)
cyclotron frequency. The image current is subsequently recorded, giv-
ing the raw data in the domain of time. Courtesy of Bruker Daltonics,
Bremen, Germany.
Although excitation of ions to a higher cyclotron orbit produces coherent ion packets,
the ion motion within the cell is not ideal. Despite studies show ion confinement
within an ICR cell for hours (and days), ions excited to a larger than natural orbit
will return to the centre of the cell or will be knocked out of the stable area of the
trap usually within several seconds, or minutes [74]. Ion instability can cause the
signal to “crash” during the acquisition, badly affecting the resulting mass spectra.
This adds to the reasons why the above-mentioned use of UHV and a fine tuning by
the user are necessary to achieve the highest performance possible [70, 75].
1.5.2.1. Broadband and Narrowband mode
Although excitation of a single ion packet might seem a simple concept, excitation of a
wide range of frequencies, hence a wide m/z range, is not so trivial, and it is achieved
via a frequency “chirp”. The chirp amplitude raises from lower frequencies and is kept
almost constant until it reaches the highest frequencies (low m/z ), which constitute
the low mass cut-off of the excitation. This is called “broadband chirp”. Figure 1.20
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shows the different profiles of the pulses used to excite different ions, as a function
of time (left) and frequency (right). The broadband chirp is reported in Figure
1.20.c, where it can be seen that the frequency profile is not exactly flat, possessing
two characteristic “horns” at the beginning and the end of each pulse. Although it
might seem that broadband excitation would be limited only by electronics, these
anomalies in the frequency pulse produce irregular behaviour and peak shapes in the
corresponding m/z regions of the resulting mass spectrum [5, 6].
Figure 1.20.: Excitation waveforms in the domain of time (left) and frequency (right).
a-b) Rectangular excitation waveforms. c) “chirp” excitation waveform.
d-e) SWIFT waveforms, respectively with a continuous wide range of
frequencies, and with a notch profile. The second is used as in-cell
isolation method. Reproduced from Marshall et al. [6].
Narrowband or heterodyne mode offers very high resolution in a much less broad
range of m/z, by using more data points per frequency. As a result, much longer
transients are recorded, with a considerable increase in resolving power for the result-
ing mass spectrum. Heterodyne mode is based on the use of a reference frequency
alongside the recorded transient. The reference frequency is chosen on the base of the
short m/z range to analyse, and it is then summed to the transient. The composite
signal is then passed through a low-pass filter, which produces a signal given by the
sum and difference of the main and reference signals. This heterodyne signal can be
analysed at a much lower rate compared to the correspondent broadband signal, re-
sulting in the mentioned longer transients, directly proportional to RP. Narrowband
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mode is currently less used than broadband mode, but continues to be an effective
way to produce ultra-high resolution mass spectra [76].
1.5.2.2. Stored waveform inverse Fourier transform (SWIFT)
Stored waveform inverse Fourier transform (SWITF) is an alternative way to excite
ions in the ICR-cell, developed by Marshall et al. [77]. It predicts the frequency pro-
file required for a rectangular excitation, and calculates the inverse Fourier transform
in order to obtain the time domain signal required to achieve the excitation profile
needed. The excitation profile of SWIFT in the frequency domain (Figure 1.20.d) is
flatter, and thus more accurate than the chirp profile. SWIFT has been successfully
used to excite ions for detection [5], and also to isolate them inside the ICR-cell (see
below). SWIFT can also excite multiple chosen frequencies using a selective excita-
tion profile, allowing to monitor chosen ions of interest without exciting the entire
ion population inside the ICR-cell.
1.5.3. In-cell isolation (ICI)
The ability of the ICR-cell to selectively excite ions to higher cyclotron radii allows
the possibility to selectively eject these ions by exciting them to a radius equal or
higher than the cell radius. The ions will then hit the electrodes and be neutralised,
with the consequence of being pumped out of the cell as neutral gas molecules. As
a consequence, it is possible to excite unwanted ions to force their ejection from
the ICR-cell, while “isolating” ions of interest by exciting them to a lower radius for
detection. The procedure for which a population of ions is selected for analysis while
the rest is ejected from the ICR-cell is called in-cell isolation (ICI).
1.5.3.1. Resonant ejections
ICIs can occur through a broadband pulse of every undesired species with a small
window centered on the ion of interest, or through the application of a small, defined,
pulse centered to a single or multiple unwanted ions. These procedures are known
respectively as “sweep” and “shot” excitations/ejections. Multiple shot excitations
in a single analysis require additional time, since each “shot” is applied individually.
Since the resonant ejections use a chirp excitation waveform, they have the main
disadvantages of a non-ideal excitation at the edges of the pulse. This might result
in isolating/ejecting the species of interest, but it might also eject the species at the
edges of the frequency/m/z range.
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1.5.3.2. SWIFT for ICI
The ability of SWIFT to excite the ions in the ICR-cell similarly to chirp pulses allows
the excitation technique to be used as ICI. It is in fact possible to calculate an ejection
profile in order to create a pulse which ejects the unwanted species isolating the ions
of interest in the ICR-cell (Figure 1.20.e). The results are the same as applying
sweep and/or shots, with much more accuracy, due to the more ideal frequency
excitation profile of SWIFT compared to chirp. SWIFT has been shown to produce
high-resolution in-cell isolations [78, 79].
1.5.3.3. Correlated harmonic excitation fields (CHEF)
By using resonant ejections of unwanted ions, it is possible to transmit some excita-
tion energy to the ions of interest. This off-resonance excitation can cause unwanted
ejection of the ions of interest, reducing the resolution of the in-cell isolation and
the sensitivity of the technique. Correlated harmonic excitation fields (CHEF) is a
method that allows very efficient in-cell isolation by on-resonance excitation of un-
wanted species and simultaneous off-resonance of the ions of interest [80]. In this way,
the technique prevents the target ions to gain energy and incur in eventual ion loss.
CHEF calculates the excitation of the unwanted ions and adjusts the excitation time
Texc or field magnitude Vpp to de-excite the ions of interest the same number of times
that they would be off-resonantly excited. So, while the unwanted ions see their radii
increased up to ejection, the ions of interest are kept at the centre of the cell. The
user can set one of the two main parameters, and the other can be varied. Amongst
the main advantages of CHEF, there are its application to many species at a time
by modifying the waveform used, with the addiction of each target (multi-CHEF),
the extraordinary isolation resolving power, and the virtually zero-ion loss during
isolations. The main disadvantages of the technique rely upon the requirement of
long CHEF pulses, with the consequent increase of the duty cycle and eventual ion
loss for high performance FT-ICR MS instruments, even if nowadays it does not
constitute a significant problem; and there is the hypothesis that it slightly alters
the position of isolated species after ion-activation in tandem mass spectrometry.
1.6. Tandem mass spectrometry
Accurate mass measurement is not enough to assign a molecular structure, since mass
alone does not define an unknown molecule nor can discriminate between structural
isomers. A given elemental composition can virtually have an infinite number of
structures, and an accurate mass measurement can correspond to different atomic
combinations. To address this issue, it is possible to obtain more extensive structural
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information from a molecule by fragmentation of such molecule and assignment of
diagnostic fragment ions. This procedure is called tandem mass spectrometry, or
MS/MS. In tandem mass spectrometry, a species is usually separated from a mixture
before introduction into the mass spectrometer, or isolated from the mixture through
quadrupolar isolation, and fragmented individually. The result is a tandem mass
spectrum, i.e. a spectrum of all the fragments produced by the formerly isolated
ion, called precursor ion. The procedure is shown in picture 1.21.
Figure 1.21.: Workflow of tandem mass spectrometry illustrated on a mass spectrum
of tryptic digested calmodulin. A substance of interest is isolated from
the mixture on the right spectrum, and subsequently fragmented, pro-
ducing a mass spectrum of all the fragments generated by the isolated
precursor. Left: mass spectrum of tryptic digested calmodulin. A pep-
tide of interest is selected for isolation. Centre: isolation spectrum of
the precursor of interest. The insert shows the high resolution of the
obtained quadrupolar isolation, containing only the isotopic distribu-
tion of the selected peptide. Right: tandem mass spectrum. All the
peaks in this spectrum correspond to fragments of the isolated precur-
sor, plus the precursor peak. In other words, a tandem mass spectrum
shows the fragmentation pattern of the activated precursor.
Furthermore, in order to retrieve even more information from an analyte, a frag-
ment ion can be further isolated and fragmented up to n times, in a tandem mass
spectrometry procedure called MSn.
Tandem mass spectrometry is one of the most powerful methods for the acquisition
of structural information about a molecule, and it has shown to be a versatile method
for the analysis of different molecules and macromolecules, amongst which peptides
and proteins, polymers, and sugars, which are the main analytes treated in the work
of this Ph.D. thesis.
Fragmentation/dissociation occurs via molecule energization or reaction. Energy can
be added to precursor ions in a wide range of ways, e.g. in small steps primarily in
vibrational modes, as in the case of low energy collisional activation, or in a single
event, such as the absorption of UV photons. The rate and amount of energy de-
position, as well as the different mechanics involved in the interaction between the
dissociation technique and the analytes, affect the outcome of tandem mass spec-
trometry, in terms of fragmentation efficiency, and types and abundances of the
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ions produced. Several methods exist to produce fragment ions by adding energy
to their molecular structures, including methods involving collisions with inert gases
or surfaces, interactions with electrons or electron-donating/-accepting reagents, or
absorption of photons. Many of these activation methods generate different kinds of
ions, and are complementary to one another, and the use of more than one activation
method to a certain analyte can provide more supporting information to structure
assignment. At present, no activation method has proven to be universal for all
the mass spectrometry platforms or compound classes, even if FT-ICR mass spec-
trometers retain the highest versatility regarding MS/MS. Exploration of existing
activation methods and development of novel activation techniques are a research
focus for the entire mass spectrometry field.
1.7. Approaches of mass spectrometry to protein and
peptide analysis: top-down and bottom-up
proteomics
Tandem mass spectrometry is a key feature of mass spectrometry for the study of
structures, functions, and interactions of proteins and peptides at different physi-
ological levels (proteomes), called proteomics. Mass spectrometry offers two main
approaches to proteomics, called respectively bottom-up (BUP) and top-down (TDP)
proteomics.
Figure 1.22.: Top-down and bottom-up approaches. Left: in the TDP approach,
proteins are dissolved (1) and fragmented (2). Data are then processed
(3) and a top-down tandem mass spectrum is generated (4). Right:
the intact protein (1) is enzymatically digested into smaller peptides
(2), before fragmentation (3), data processing (4), and generation of a
bottom-up tandem mass spectrum (5).
The bottom-up approach is a popular method for which a protein is enzymatically
digested into smaller peptides, which are representative of its original structure. De-
pending on the protein size, the generated peptides can be separated through liquid
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chromatography (LC) or directly infused into the ionisation source of the mass spec-
trometer, for subsequent ionisation, eventual fragmentation, and detection. Some-
times, proteins can be assigned based on the accurate assignment of known rep-
resentative peptides (peptide fingerprinting). Otherwise, peptides can be isolated,
activated, and structurally elucidated through the analysis of their fragmentation
pattern. BUP is generally easier compared to TDP because peptides are generally
easier to fragment compared to entire proteins, and generate much less complex spec-
tra. Furthermore, it is not always necessary to fragment a high number of peptides
in order to assign a protein structure. On the other hand, the harsh conditions
involved in the enzymatic digestion disrupt all the labile residue interactions and
most of the post-translational modifications, with complete loss of the tertiary and
quaternary structure information [81]. Furthermore, detection of the peptide ions
depends on their ionisation efficiency, and not all the peptides in a mixture ionise in
the same way, with the result of the absence of some ions, very high mass-dynamic
ranges (some peptides with very low abundances while others at high abundances),
and peptides present with more charges and adducts. To quote Brian T. Chait, “It
is a little like having a jigsaw puzzle, where many of the pieces are missing” [82].
The top-down approach, on the other hand, involves the analysis of proteins starting
from their entirety. Proteins are dissolved in denaturing or native conditions, and
fragmented through tandem mass spectrometry. Their structure is then elucidated
through the analysis of the mass-to-charge ratios of the generated diagnostic frag-
ments. TDP retains the tertiary/quaternary structure information of the protein
under analysis, such as PTMs, but it presents more technical challenges. Protein-
level separations are harder to perform, and top-down mass spectra are generally at a
high level of complexity. Nonetheless, for the amount of information generated, TDP
tends to be preferred and it is now at the centre of the development for proteomics
analysis.
Another, less popular mass spectrometry approach to proteomics is known as middle-
down proteomics, and involves the enzymatic digestion of molecules into peptides
that are larger than the BUP peptides but smaller than the intact proteins [83, 84].
This method was developed because of the technical challenges imposed by TDP .
Protein assignments are performed by analysis of the generated fragmentation pat-
terns, with the use of dedicated databases, or algorithms for de novo sequencing.
The former method is applied to look for or assign known proteins, while the latter
is designated to the identification of unknown macromolecular sequences. A pro-
tein is assigned or identified when a certain percentage of its structure is elucidated.
Amino acid sequences are found through the analysis of diagnostic ions, and results
are given with the percentage of known inter-residue cleavages: for known proteins,
this percentage is called cleavage coverage. When a peptide/protein is identified
from scratch (de novo), and its structure is built through the number of identified
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ions/cleavages found, such percentage is called sequence coverage.
1.7.1. Fragmentation nomenclature for biomolecules
Systematic nomenclature has been developed to categorise the formation of different
fragment ions, with the use of alphabet letters, and numbers as subscript/superscript.
Figure 1.23.: Fragmentation nomenclature for proteins and peptides, as developed
by Roepstorff et al. [85].
For proteins and peptides, the fragmentation nomenclature currently in use has been
developed by Roepstorff et al., and it is illustrated in Figure 1.23. The figure shows
the three main diagnostic bond cleavages that can occur on a peptide following differ-
ent fragmentation techniques. E.g. low energy collisional activation techniques such
as collisionally-activated dissociation (CAD) or photodissociations such as infrared
multiphoton dissociation (IRMPD) have the ability to break the amide bond between
peptides, i.e. the C-N bond. The fragmentation mechanism leads to the formation
of two types of ions, b and y, if there is enough charge to detect the ion pair. De-
pending on the available charge on the peptide, and on the ionisation efficiency of the
generated fragment, fragment ion abundances can vary, bringing sometimes to the
identification of b or y ions only, if the charge is retained on the N- or the C-terminus
respectively. Small neutral losses (such as water and ammonia) and the generation of
a-ions (by loss of CO2 from b-ions) constitute a minor path of low energy activation
techniques. On the other hand, electron-based techniques such as electron-capture
dissociation (ECD) and electron transfer dissociation (ETD) generate c/z ions by
breaking the Cα-N bond of proteins and peptides, and higher energy activations such
as ultraviolet photodissociation (UVPD) lead to a/x ions, other than the other two
types.
The nomenclature is based on the broken backbone bond and the terminus that
retains the charge, with alphabet letters indicating the cleavage of the Cα-C, C-N,
or Cα-N (a, b, c for the N-terminus, and x, y, z, for the C-terminus) and numerical
subscripts indicating the number of amino acids in the peptide fragment. E.g., the
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ion y3 indicates a fragment ion generated from a protein or peptide by cleavage of
the amide bond after the third amino acid from the C-terminus.
Extensive fragmentation can lead to the cleavage of more than one backbone bond in
a protein/peptide, generating internal ions. Internal ions lose both the characteristic
C- and N-terminal portions, and are of difficult interpretation. They can also be
generated willingly by isolating a fragment ion and further fragmenting it in MSn
experiments. Other less diagnostic ions include immonium ions, low-mass ions of
single amino acid residues, and ions that undergo side-chain losses.
A similar systematic nomenclature has been developed by Domon and Costello for
the characterisation of fragments generated with tandem mass spectrometry of gly-
cans [86]. The nomenclature is shown in Figure 1.24 and it is based on the broken
bonds and the terminal portions that retain the charge, in this case the non-reducing
end, conventionally drawn to the further left, and associated with letters from the
initial part of the alphabet, A, B, and C, and the reducing end of the glycan, right,
associated with letters from the final part of the alphabet X, Y, Z. The numerical
subscripts indicate the number of monosaccharides included in the fragment, starting
from the terminal portion. The superscripts on the left part of the letter indicate
cleavages inside the carbohydrate ring.
Figure 1.24.: Fragmentation nomenclature for glycans. Adapted from Domon and
Costello [86].
1.7.2. Collisional activation
Collisionally-activated/induced dissociation (CAD or CID) involves the use of colli-
sions between the analyte ions and an inert gas, such as nitrogen, argon, or helium.
In the process, some kinetic energy of the ion is converted to internal energy, which is
accumulated until the dissociation occurs [87, 88]. This stepwise, multi-collision pro-
cess tends to limit the deposition of energy on the ion population, leading preferably
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to lower energy dissociation pathways. As a result, many structurally uninformative
losses, such as water, ammonia, and carbon dioxide, occur for peptides and proteins,
consequently overcomplicating the resulting mass spectra [89, 90]. Furthermore, la-
bile bonds often include post-translational modifications such as phosphorylation
[89], which are lost as neutral molecules, and their identification is precluded to
CAD. Nonetheless, CAD’s high fragmentation efficiency represents an enormous ad-
vantage, making it the favourite choice for many applications involving different mass
spectrometers.
CAD is a robust technique, well-supported by intensive mechanistic studies [89, 90].
In particular, the mobile proton model provided a base to understand the major
fragmentation pathways occurring in collisionally-activated dissociation of positively-
charged peptides. The model is based on the realistic assumption that the ionising
protons are located at the most basic sites of the amino acid chain, such as the N-
terminus, or the side-chains of arginine, histidine, and lysine (see Section 1.3.2.1).
Once CAD starts, the mobile protons can move to less basic sites, in particular
the amide bond, initiating the fragmentation mechanism and leading to the C-N
break that precedes the formation of b/y ions. According to this model, non-specific
cleavages can occur when the macromolecule is charged with more protons than the
number of basic sites it possesses [91, 92].
Ions at high charge states exhibit preferential cleavages of the amide bond N-terminal
to a residue of proline, while cleavage of the amide bond C-terminal to an acid residue
is more common for ions with less mobile protons. These preferential cleavages might
restrict the amount of information provided by the technique for peptides or proteins
containing many atoms of proline or aspartic acid, respectively.
1.7.3. Electron-based dissociation
Electron-based dissociations (ExD) include all the activation methods involving the
interaction with electrons, or electron-donating or electron-accepting ion species. In
particular, electron-capture dissociation (ECD) [93, 94, 95] and electron-transfer dis-
sociation (ETD) [96] are the most popular ExDs, due to their extensive applications
in the field of proteomics.
ECD is based on the interaction of multiply-charged positive ions with low energy
electrons, a process that leads to the formation of a charge-reduced species (CRS),
and subsequent fragmentation [97, 98, 99]. It is usually associated with FT-ICR MS,
where cations and electrons can be trapped simultaneously in a way challenging to
other ion traps, due to the impossibility to trap electrons within stable confinements
obtained with radio-frequency voltages. ETD was developed for the implementation
of an ECD-like technique in other mass spectrometers, and it involves the reaction of
multiply-charged ions with radical anions, causing electron transfer [100, 101, 102].
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For both the above-mentioned ExDs, it is thought that the fragmentation mechanism
is initiated by capture/transfer of an electron by a mobile proton, with the generation
of a hydrogen radical.
The mechanism of ECD has been broadly studied [103, 104, 105]. The CRS formed
by capture of a low energy electron undergoes vibrational energy redistribution, and
ultimately the N-Cα backbone bond is cleaved, with formation of c/z ions (Figure
1.25).
Figure 1.25.: Utah-Washington dissociation mechanism for electron-capture dissoci-
ation. It postulates the formation of an aminoketyl radical by capture
of an electron into the OCN-amide pi*orbital, which undergoes proton
transfer due to its nature of “super base”, forming eventually the charge-
reduced species (CRS). The CRS undergoes radical fragmentation with
formation of c/z ions. Reproduced with permission from Lopez-Clavijo
[106].
A free radical reaction cascade, generated by rearrangement and transfer of the α-
carbon radical, can also occur, leading to the formation of ECD/ETD fragment ions
with more or less hydrogen atoms than standard c/z ions (e.g. c-1 ions, or c ions,
and z+1 ions, or z’ ions). The nomenclature for such ions is provided by Zhurov et
al. [98].
Other electron-based dissociations involve the interaction of singly- or multicharged
ions with higher-energy electrons. It is in fact possible to produce an abundant
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amount of fragments by irradiating the analyte with electrons at 3-13 eV energy.
Because of the higher-energy electrons involved (“hot electrons”), the technique was
called hot electron capture dissociation (HECD) [107]. Although different mecha-
nisms and publication-dependent names have been used, electron-based dissociation
techniques that use electrons at energy up to 20 eV are enclosed in the name of
electron-induced dissociation (EID) [108]. EID is able to produce ECD-like frag-
ments from singly-charged ions.
If high energy electrons are used (>20 eV), the multiply-charged peptides interact
with the electrons by becoming radical cations. The radical cations undergo spon-
taneous fragmentation via side-chain losses, generation of a/x ions, and generation
of c/z ions, in a process called electron ionisation dissociation (also abbreviated
in EID) [109]. Both the EID techniques mentioned above are characterised by a
low fragmentation efficiency of proteins and peptides compared to ECD/ETD, and
therefore they are less applied to proteomics studies. Nonetheless, electron-induced
dissociation has been successfully used on small singly-protonated molecules [110],
polyketydes [111], amino acids [112], small pharmaceuticals [113, 114], and larger
molecules [115].
Electron-based dissociation techniques demonstrated several advantages in tandem
mass spectrometry for proteomics [97, 98, 100, 101, 102]. The main advantages of
low energy ExD’s in proteomics include the ability to cleave the backbone bonds of
a protein or peptide leaving the more labile post-translational modifications intact,
which would be lost with CAD [116]. Furthermore, the more “random” mechanisms
involved in ExD make that there are no preferential cleavages for these methods,
which are able to cleave deeper in the protein chain than collisional activation tech-
niques [98, 117, 118, 119].
ECD and ETD, whose mechanism involves the formation of a charge-reduced species,
are more efficient for highly-charged peptides/proteins (generally 3 or more positive
charges). These charge-dependent techniques tend in fact to undergo charge re-
duction instead of dissociation (electron-transfer no-dissociation, ETnoD) for low
charge state ions. ETnoD can also be obtained voluntarily by tuning the electron-
transfer dissociation method in order to obtain 1+ peptide ions, which are easier
to fragment/assign with non charge-dependent techniques. Especially for doubly-
charged ions, it has been observed that some labile interactions are retained with
the use of ECD/ETD, decreasing the formation of diagnostic ions. Such ions can be
separated by the rest of the amino acid chain by cleaving the intramolecular interac-
tion with supplementary infrared multiphoton dissociation or collisional activations
[120, 121, 122, 123, 124, 125]. Such low-energy “heating” techniques are performed
in small pulses before or during ECD or ETD, in a procedure called activated-ion
ECD/ETD (AI-ECD/ETD). IRMPD-activated ECD/ETD can be specifically called
IR-ECD/ETD.
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Electron-based techniques targeting negative ions have been developed, such as
electron detachment dissociation (EDD) [126, 127, 128, 129], negative-ion electron-
capture dissociation (niECD) [130, 131, 132], and negative electron-transfer dissoci-
ation (NETD) [133, 134, 135, 136, 137, 138]. All these ExDs target deprotonated
species.
1.7.4. Photodissociation
Photodissociation is caused by the energization of gas-phase atoms by the absorption
of one or more photons [139, 140, 141]. The number of photons needed to achieve
photodissociation depends on their wavelength, and it can range from a single high-
energy UV-photon to hundreds of IR-photons, which possess less than a tenth of
their UV counterparts.
The absorption of multiple low energy IR-photons with subsequent fragmentation is
called infrared multiphoton dissociation (IRMPD) [142]. IRMPD is usually achieved
by irradiation of the molecules with a CO2 laser, at a wavelength of 10.6 μm. This
wavelength is efficiently absorbed by various vibrational modes associated with the
C-C, C-N, and P-O bonds of molecules. Because of the low energy of the involved
photons (∼0.1 eV) accumulation of multiple photons is necessary to achieve fragmen-
tation, hence the name “multiphoton dissociation” [143]. The low energies involved
in IRMPD cause the production of the same kind of ions as CAD [142]. The tech-
nique performs optimally with FT-ICR MS instruments, which operate at UHV,
thus without the effect of background gases competing with the photodissociation.
IRMPD is particularly effective for the analysis of phospopeptides [144, 145, 146].
Ultraviolet photodissociation (UVPD) is diametrically opposite to IRMPD, in a way
that it uses a small number of high-energy photons to dissociate molecules. UVPD
has been performed with different lasers at different wavelengths, each of them re-
quiring a suitable chromophore for the absorption of UV-photons. Wavelengths of
157 and 193 nm are the most common ways to perform UVPD, achieved respectively
with F2 and ArF excimer lasers [147, 148], for photon energies of 7.9 eV/photon
and 6.4 eV/photon respectively. Of these two wavelengths, 193 nm has been more
prevalent because of the small loss when transmitting through air and the possibility
to use common fused silica optics. For UV/vis lasers with photon energies between
3 and 8 eV only one or two photons provide enough energy to excite the molecules
at high electronic states. Dissociation might occur directly from the excited states,
with formation of a varied array of ions (a/x and c/z ), or through vibrational redis-
tribution of the internal energy, generating ions more similar to low-energy activation
methods (b/y ions). Extensive mechanistic studies performed on UVPD elucidated
the photolytic cleavage of the C-Cα bond before the radical elimination to form a/x
ions [147, 149, 150, 151, 152, 153].
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193 nm UVPD has been successfully coupled with FT-ICR MS, showing excellent
performances in top-down proteomics, by generating a wide array of ions that allow
correct protein assignments [154, 155].
The main advantages of the photodissociation techniques are the selectivity and
tunability based on the used laser, the short activation periods given by the fast laser
pulses (in the order of nanoseconds), and, in case of UVPD, high energy deposition
with a consequent great array of fragment ions [139, 140, 141].
Figure 1.26 shows the main cleavages caused by the various dissociation techniques.
UVPD is able to produce the three of them when UV-photons are generated at a
wavelength of 193 nm.
Figure 1.26.: Dissociation of proteins and peptides. ExDs written in black target pos-
itive ions, while ExDs written in red target negative ions. Reproduced
from Zhurov et al. [98].
1.8. Separation and identification: hyphenating
chromatography with mass spectrometry
Due to its high sensitivity and the ability to deal with complex mixtures, mass spec-
trometry is the top choice for the analysis of many natural and synthetic compounds.
However, when the complexity of the mixture leads to the presence of substances with
the same molecular mass, and often the same mass-to-charge ratio, or the presence
of several overlapping isotopic distributions which do not allow agile isolation and
MS/MS for extended characterisation, a separation method is necessary to obtain
simpler mixtures or almost pure samples.
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Chromatography is the ultimate separation technique, so that almost every analytical
laboratory possesses a chromatographic system. Chromatography is a separation
method based on the partition between a mobile and a stationary phase, usually
dependent on the polarity of the analyte. The stationary phase is packed into a
column, and it is usually made of functionalised silica, while the mobile phase can be
an inert gas (as in gas chromatography, GC) or a liquid (for liquid chromatography,
LC). The output of chromatography is a chromatograph, a spectrum of the signal
corresponding to the different detected analytes as a function of time. For a given
method, chromatographic techniques are generally reproducible, allowing a strong
correlation between the retention times, the time period that each substance spends
eluting in the column, which terminates when the substance is detected, and the
properties of the substances, which will come out of the column in a given order,
based on their affinities.
Gas chromatography finds its applications in the analysis of complex mixtures of
small volatile molecules, from biological samples [156] to petroleum components [157].
It is based to the partition of such molecules between the silica stationary phase and
an inert carrier gas, such as nitrogen. In GC, the boiling point of a substance
influences its retention time, so that substances that have a lower boiling point, i.e.
pass faster to the gas phase, will elute first and vice versa. Intuitively, the volatility
of a substance is a main factor for its suitability with GC, and proteins are often
precluded to this technique.
On the other hand, liquid chromatography bases its separation capabilities on the
affinity between a stationary phase of a certain polarity and a solvent or solvent
gradient (often water/acetonitrile), which starts from high percentage of aqueous
and arrives at high percentage of organic solvent at the end of the chromatographic
run. LC has been effective at separating a wide range of compounds, including small
molecules [158], polymers [159], and biomolecules [160, 161, 162].
Chromatographic techniques are equipped with detectors able to identify the pres-
ence,and sometimes the quantity, previous calibration with internal standards, but
not the composition of the analytes. Such detectors include but are not limited to
flame ionisation detectors, FID, for GC; or UV/visible detectors for LC. Chromatog-
raphy can also be hyphenated to mass spectrometry, in a separation/identification
technique called GCMS or LCMS.
The hyphenation of liquid chromatography with mass spectrometry, above all with
the implementation of ESI and nESI, for nanoscale applications such as nano-liquid
chromatography, nLC, and with the excellent performances of FT-ICR MS, brings
several advantages to the analysis of proteins and peptides, amongst which the most
obvious generation of less complex mass spectra. On the other hand, adding an
extra step to the analysis involves technical challenges related to the tuning of the
new instrumentation, the necessary solubility of the analytes in the LC gradients,
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and longer experimental and analysis times. Nonetheless, LCMS has proved its
efficacy in the separation and identification of several mixtures, and it is currently
the leading technique for the analysis of complex biological mixtures, including cell
lysates, proteins, and peptides [163, 81, 164].
1.9. FT-ICR MS in the O’Connor group: the Bruker 12
T solariX FT-ICR mass spectrometer
Research in the physical and analytical chemistry laboratory of Professor Peter B.
O’Connor is centered around FT-ICR MS, and especially instrumentation building,
instrumentation and method development, and applications of the technique to pro-
teomics and petroleomics. The main research instrument is the 12 T solariX FT-ICR
mass spectrometer, showed in Figure 1.27.
Figure 1.27.: Scheme of the 12 T solariX mass spectrometer. Some of the features
are highlighted, such as the orthogonal source; the quadrupole-hexapole
system for external accumulation and collision-cell CAD; the Infinity
ICR-cell and the superconductive magnet. Adapted with courtesy of
Bruker Daltonics, Bremen, Germany.
The solariX FT-ICR mass spectrometer is provided with ESI and MALDI sources,
and can be equipped with a variety of ionisation sources, including CI, APPI, APCI,
and MAI. It has been further implemented with a custom nESI source, used with the
vast majority of proteomics experiments. Furthermore, the instrument is a hybrid
Q-FT-ICR MS instrument, allows ion accumulation in the quadrupole section of
the instrument, and eventual isolation and fragmentation before transmission to the
ICR-cell. The FT-ICR MS/MS features of the Bruker 12 T solariX include nozzle-
skimmer in-source dissociation (ISD), CAD, ECD, ETD, EDD, niECD, and EID,
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and the group also implemented a 25 W, CO2 laser for IRMPD. The ICR-cell is an
Infinity cell.
The instrument is used to challenge the limits of FT-ICR MS itself, both in practice
and in theory, in order to achieve the best results possible in terms of data. For the
work of research performed for this thesis, the solariX has been used to develop a
niche pure mass spectrometry technique called two-dimensional mass spectrometry,
and to apply it to TDP and BUP [165], and polymer and glycan analysis [166]. At
present, the research performed with the solariX FT-ICR mass spectrometer spaces
from characterisation of biomolecules for medical purposes, to protein aging, studying
those PTMs that only the high resolving power of FT-ICR MS can detect, such as
deamidation [167, 168, 169]; and also cancer research, e.g. studying the interactions
between anti-cancer drugs and proteins and peptides [170]. The instrument is also
used to test novel ionisation sources, and, with the supervision of Doctor Mark P.
Barrow, for the analysis of crude oils, fuels, and other petroleum compounds.
A short presentation of the instrument has been given by the author as representative
for the whole group for the project Masses for the masses, and it is available at
http://masses4masses.org.
Figure 1.28 shows the workflow of a typical FT-ICR MS/MS experiment with the
Bruker solariX FT-ICR mass spectrometer, and the dissociation techniques most
commonly used.
82
1.9. 12 T SOLARIX FT-ICR MS CHAPTER 1. INTRODUCTION
Figure 1.28.: Workflow of a one-dimensional FT-ICR MS/MS experiments with the
12 T Bruker solariX FT-ICR mass spectrometer, with symbols indi-
cating each part of the instrument. CAD is performed by accelerating
the analyte ions into a hexapole-based collision cell, while beam-based
fragmentations such as ECD and IRMPD are performed inside the ICR-
cell. The dissociation techniques are colour-coded with the bond that
they break in protein/peptide MS/MS, and the type of ions that they
generate (lower left). The bullet points refer to the challenges of the
analysis of complex mixtures.
Tandem mass spectrometry is performed by isolating and accumulating an analyte
of interest (ionised in the ionisation source) with quadrupolar isolation, and accu-
mulating it in the hexapole collision cell. CAD is performed by accelerating the
accumulated ions into the collision cell through the manipulation of the voltages of
the extraction lenses situated between a multipole and the other. The generated frag-
ments are subsequently sent to the Infinity cell for mass analysis and detection. ECD
and IRMPD are performed through the use of a hollow cathode electrode dispenser
and an IR-laser respectively, situated at the end of the instrument, with a direct win-
dow to the ICR-cell. For these beam-based techniques, isolation and accumulation
of the ion of interest is followed by transfer to the ICR-cell, where the cathode/laser
is pulsed, and fragmentation occurs. MSn can be performed by using in-cell isolation
of a primary fragment of interest, and subsequent in-cell fragmentation (with ECD
or IRMPD mostly).
The Bruker 12 T solariX FT-ICR mass spectrometer has been used for all the mass
spectrometry analysis of this thesis, with the methodology varying for each set of
experiments, and described in the respective chapter.
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1.10. Two-dimensional Fourier transform ion cyclotron
resonance mass spectrometry
Hyphenation of mass spectrometry to separation techniques such as chromatography
greatly expands the possibilities of the technique towards the analysis of complex
mixtures. However, implementation of an additional technique before MS implies an
increment in the tuning of experimental settings and the total experimental time.
Amongst other factors, the separation timescale in liquid chromatography does not
allow for high signal accumulation after extensive fragmentation in the ICR-cell,
limiting the final resolution of the resulting FT-ICR MS spectra, and in some cases
the visualisation of fragments obtained with low-fragmentation efficiency techniques.
A typical example is electron-capture dissociation, whose MS/MS spectra usually
need several scans (usually >200) for correct assignments of fragments deriving from
entire proteins. Another challenge of complex mixtures relies on the correct isolation
of precursor ions before fragmentation in the ICR-cell: isolation of precursors with
very similar m/z is in fact very difficult, and even when possible it can cause ion loss,
with consequent loss in sensitivity. Furthermore, even when isolating every single
precursor of interest in a mixture results possible, it stands to reason that performing
such isolations, followed by fragmentation and mass analysis and detection, with
respective tunings, would be consistently sample- and time-consuming.
In order to analyse complex mixtures without the necessity to previously separate or
isolate precursor ions, a purely mass spectrometric technique was developed, called
two-dimensional mass spectrometry, or 2D MS. 2D MS makes use of the principles
behind ion motions in FT-ICR MS in order to find a correlation between precur-
sor and fragment ions. Nuclear magnetic resonance (NMR) technology benefitted
from a similar implementation when FT-NMR was developed, leading early to two-
dimensional (2D) NMR: by influencing the nuclear spins of different atoms with
a series of radio-frequency pulses, spectroscopists were able to correlate variables
corresponding to those atoms, and to map them in a two-dimensional contour plot.
E.g. in the nuclear Overhauser effect spectroscopy (NOESY) experiment, the nuclear
Overhauser cross relaxation between nuclear spins during the detecting pulse (gener-
ally called mixing period) is used to establish the correlations [171]. 2D NMR gives
generally more information compared to standard one-dimensional NMR, above all
for complex macromolecules.
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Figure 1.29.: Principles of two-dimensional Fourier transform mass spectrometry. (a)
Pulse programme used to obtain the correlation between precursor and
fragment ions in 2D FT-ICR MS. (b) Variation of the ion radius int the
ICR-cell as a consequence of the different pulses. (c) Movement of the
ion packets with the RF-pulses as seen from a transversal section of the
ICR-cell. Ions in a cell are constantly orbiting along the magnetic field
axis according to their cyclotron motion and are subjected to magnetron
motion and oscillations due to the in-cell trapping, but in the present
example only the movements driven by the pulses used for 2D MS are
represented. Reprinted (adapted) with permission from Floris et al.
Copyright 2017 American Chemical Society.
Inspired by 2D NMR (and in particular by the NOESY experiment), Pfandler et
al. designed the first 2D FT-ICR MS experiment [172]. In 2D FT-ICR MS the
correlation between precursor and fragment ions is obtained by modulating the ion
cyclotron radius using an incremental delay between two identical pulses before frag-
mentation and detection. The pulse programme used for this experiment is shown in
Figure 1.29.a. The ions enter the cell ideally at its centre, and are then excited by an
excitation pulse, P1. The excited ion packets rotate inside the cell according to their
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cyclotron frequency (ωc) for an encoding time (t1), to accumulate a phase of ωct1.
An encoding pulse (P2), equal to P1, is then applied: this pulse, although identi-
cal to the first one, will have a different effect on the ions, now at higher cyclotron
radii. As demonstrated by the ion excitation/de-excitation experiment, after a sec-
ond pulse ions resonantly excited are either excited further or de-excited, depending
on their instantaneous phase relative to P2 (Figure 1.29.b). At the end of P2, the
ions’ cyclotron radii are modulated according to t1 and ωc. The part of the pulse
programme that includes P1, t1 and P2 is called encoding sequence. The encoding
sequence is followed by a fragmentation period (τm), in which the ions are subjected
to a radius-dependent fragmentation, and produce fragment ions whose abundances
depend on t1 and the precursor ions’ cyclotron frequency (ωc). Dissociation occurs
if after P2 the ions are in the fragmentation area: in the experiment by Pfandler et
al., instead of fragmentations, ion-molecule reactions were used to generate CH5+ by
reacting CH4•+ with methane introduced in the ICR-cell. In this case, the product
ion is generated with the collisions of the ions excited at higher radii, while the ions
de-excited towards the center of the ICR-cell after P2 constitute the remaining un-
fragmented precursors. As mentioned, in contemporary instruments the introduction
of gases in the ICR-cell is avoided, and radius-dependent fragmentations that make
use of lasers or electron-dispensers are preferred. In this case, the fragmentation area
is at the center of the cell, and the ions that are going to fragment after P2 are the
off-resonantly de-excited ions (Figure 1.29.b). After τm, P3 excites both precursors
and fragment ions, which can then be detected, as per a normal FT-ICR MS experi-
ment, producing a time domain transient (t2). Figure 1.29.c gives an idea of the ion
motion in correspondence of the different applied pulses, and of the shape and loca-
tion of the fragmentation area when using IRMPD or ECD (with a hollow-cathode
dispenser). The technique is purely data-independent, because every precursor is
fragmented at the same time.
A number l of t2 transients is recorded at incremental values of t1. A two-dimensional
(FT/FT) Fourier transform is applied as a function of the mentioned times, along
with zero-filling, convolution [173], and apodisation [174]. As a result, a two-dimensional
spectrum of the ion cyclotron frequencies is generated, which allows the correlation
between the ion cyclotron frequencies of the precursors with those of the fragments.
The 2D frequency spectrum then is calibrated and converted into a 2D mass spec-
trum (Figure 1.30).
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Figure 1.30.: A two-dimensional mass spectrum, output of 2D FT-ICR MS, and var-
ious levels of information that can be observed/extracted from it. (a)
Two-dimensional mass spectrum seen as a two-dimensional map with
the m/z of the precursors in the y-axis and the m/z of the fragments
in the x -axis. The autocorrelation line and an electron-capture line are
highlighted. An area is zoomed, to show the horizontal fragment ion
scans. (b) Extraction of the autocorrelation line, with generation of
a one-dimensional mass spectrum of all the precursors in the mixture.
(c) Ion isotopic distributions as seen from the two-dimensional map,
and from the vertical and horizontal dimensions. (d) Extraction of a
fragment ion scan, showing all the fragments generated by a precur-
sor of interest. See Section 1.10.1 for a detailed explanation on the
interpretation of a 2D mass spectrum.
1.10.1. Interpretation of a 2D mass spectrum
A 2D mass spectrum is presented as a two-dimensional contour plot reporting on
the y-axis the mass-to-charge ratio of the precursors, and on the x -axis the m/z of
the fragment ions (Figure 1.30.a). The z value of such contour plot is represented
by the electric signal given by the detection of the ions introduced in the ICR-
cell, hence it is related to the intensity of the detected ions. Signals on a 2D mass
spectrum ideally appear as circles, which correspond to m/z peaks as seen from
a third dimension. In a three-dimensional representation of a 2D mass spectrum,
as the one reported in Figure 1.32, the ion intensity could be seen on the z -axis,
while in a two-dimensional representation it can be deduced by the control lines
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around the signals corresponding to each peak. As for standard one-dimensional
FT-ICR MS, isotopic distributions can be recognised, allowing charge determination,
as shown in Figure 1.30.c. The isotopes shown in the figure are elongated in the
vertical dimension because of the difference in resolution between the two dimensions.
Isotopes are separated in both dimensions, characteristic that allows for additional
information during the interpretation of fragmentation patterns (see below).
Figure 1.32.: Tridimensional visualization of a 2D mass spectrum, plotted using the
cyclotron frequencies of the precursor and fragment ions, as reported
by Ross et al. [175]. The third dimension is given by the ion intensities.
For data analysis, a 2D mass spectrum can be visualised as a two-dimensional map,
and interesting lines can be extracted for a deeper investigation. Extracting a line
from the two-dimensional mass spectrum provides a “slice” of the tridimensional
structure (m/z )precursors × (m/z )fragments × I, generating mass spectra more recog-
nisable by the one-dimensional-used scientific community, with intensity I on the
y-axis, and m/z on the x -axis (Figure 1.30.b and d). So far, extracting lines (i.e.
generating one-dimensional-like mass spectra from the 2D mass spectrum) consti-
tuted the only method to efficiently internally calibrate a line on a certain dimension
in a 2D mass spectrum, and to provide data usable with modern database search
engines.
Interpretation of a 2D mass spectrum relies on the analysis of characteristic lines
that can be visualised and extracted from the two-dimensional map. Figure 1.31
reports a graphical example of the main lines of interpretation as seen from the two-
dimensional map (1.31.a) and after extraction (1.31.b-e). In the graphical example
each isotopic distribution is represented by a single blue dot.
All the peaks along the identity line (i.e. the line whose equation is y = x) de-
rive from the remaining precursor ion signals in correlation with their own cyclotron
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frequency. This “self-correlation” of the precursors inspired the line’s name of auto-
correlation line. Extracting the autocorrelation line generates a mass spectrum of all
the precursors in the mixture (Figure 1.31.b). Horizontal lines in correspondence to
the m/z of each precursor [y = (m/z )precursor] will contain signals of the fragments
generated by that precursor during the fragmentation period τm in the ICR-cell.
Hence, for each precursor, a horizontal ion scan can be extracted. These lines are
called fragment ion scans, and generate mass spectra showing the fragmentation pat-
terns of the selected precursor (Figure 1.31.c). Furthermore, for each fragment, it is
possible to extract a vertical ion scan [x = (m/z )fragment]. Vertical ion scans show
signals in correspondence of each precursor correlated to the fragment of interest,
reason why they are also called precursor ion scans. Therefore, extracting a pre-
cursor ion scan will generate a mass spectrum of all the precursors that generated
the selected fragment (Figure 1.31.d). Finally, another kind characteristic line that
can be visualised and extracted from the 2D mass spectrum revolves around the loss
of neutral molecules or fragments from the precursor ions. In fact, all the signals
parallel to the autocorrelation line, with an intercept equal to the mass of a neu-
tral loss divided by the charge of the precursor correspond to the same neutral-loss
experienced by the precursors with the selected charge (equation 1.11).
y = x+mneutral/zprecursor (1.11)
These lines of signal are called neutral-loss lines. Extracting a neutral-loss line gen-
erates a mass spectrum of all the z -charged precursors that underwent a neutral loss
of mass mneutral during the fragmentation period in the ICR-cell.
Precursor ion scans and neutral loss lines are prerogative of 2D MS, and the infor-
mation they provide can be obtained automatically only with this technique.
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Figure 1.33.: Isotopic distribution of some precursor and fragment ions from an
IRMPD 2D mass spectrum of tryptic digested cytochrome c, as seen
from the two-dimensional contour plot. Control lines of different colours
can be observed for the most intense peaks. The slope of each isotopic
distribution is reported. (a) Peaks on on the autocorrelation line cor-
responding to the peptides [MIFAGIK]2+ and [TGPNLHGLRGR]3+.
The slope of the precursor ions is 1, since they are on the autocorrela-
tion line. (b and c) Isotopic distributions of a y5 fragment respectively
from [MIFAGIK]2+ and [TGPNLHGLFGR]3+. Although the precur-
sors on the autocorrelation line have less than 1Da of difference, the
fragments can be correctly assigned thanks to the slope of their iso-
topic distributions, indicating respectively a 1+ ion generated by a 2+
precursor and a 1+ generated by a 3+ ion. Reprinted (adapted) with
permission from van Agthoven et al. [176]. Copyright 2015 American
Chemical Society.
The nature of a 2D mass spectrum allows to obtain more information from the
fragmentation patterns by looking at the isotopic distributions directly from the
two dimensional map. E.g. a 2+ precursor ion will have an isotopic distribution
for which each A+1 isotope would be separated from its neighbour isotopic peaks
by 1/2 Daltons per charge. For precursor ions (which are on the autocorrelation
line, y = x) this is valid in both dimensions (Figure 1.33.a). When the precursor
generates fragments, they can be observed on the horizontal line corresponding to
the m/z of that precursor [y = (m/z )precursor]: each isotope of the precursor will
generate fragments, which in the vertical dimension are separated by 1/2 Daltons
per charge. However, in the horizontal dimension isotopes of the fragment ions will
be separated based on their charge. In case of neutral losses, the charge does not
vary, and the slope between the isotopic peaks of the fragment ions is the same as
the autocorrelation line, as seen for neutral-loss lines. However, if for example a
1+ fragment is generated by the 2+ precursor ion, on the horizontal dimension its
isotopes will be separated by 1 Dalton per charge, while on the vertical dimension the
isotopic separations would still be 1/2 m/z. The slope between the isotopes in the
two-dimensional contour plot is given by the vertical isotopic difference divided by
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the horizontal counterpart inm/z : (1/2) : 1 = 1/2 (Figure1.33.b). For a 1+ fragment
generated by a 3+ precursor, the slope would be instead 1/3 (Figure 1.33.c). More
generally, for each z -charged precursor that generates a n-charged fragment by losing
a charge p and a mass mneutral during the fragmentation period in the ICR-cell, the
fragmentation line (or fragment-loss line) is
y =
z − p
z
x+
mneutral
z
(1.12)
When there is no charge loss, p = 0 and the equation is equal to Equation 1.11 for
neutral-loss lines.
By observing the slope and the charge of the fragment ion from a 2D mass spectrum
it is possible to deduce the charge of the precursor ion. This information allows for
more discrimination between precursor ions with similar m/z but different charges,
constituting a mean of identification by analysis of the fragmentation patterns even
when the vertical resolution would not be enough to properly separate different
horizontal ion scans.
The electron-capture line, which can be found in 2D ECD MS spectra, follows a simi-
lar equation. The extraction of such line shows all the precursors that “captured” one
or more electrons during ECD in the ICR-cell, generating a charge-reduced species.
Formally, the equation for the electron-capture line would include the mass of the
electron in place of mneutral with an inverted sign (it is an addition and not a mass-
loss), but 2D FT-ICR MS spectra acquired so far did not have the necessary resolu-
tion to measure such a small mass [177]. Electron-capture lines are approximated to
the following equation:
y =
z − p
z
x (1.13)
So far electron-capture lines are not of analytical use, but they can be observed to
extract information about the involved fragmentation mechanism.
1.10.2. Noise in 2D MS
Further lines can be observed in a two-dimensional mass spectrum, constituting noise
generated by different sources.
All the signals constituting important information in a 2D mass spectrum are dis-
tributed in the straight lines of different directions explained above. However, curved
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lines in the two-dimensional contour plot can be also observed. They constitute har-
monic lines of the autocorrelation line in the vertical “modulation” dimension, as
their modulation is non-sinusoidal. These harmonics are aliased back into the spec-
trum, and the calibration function causes the lines to curve. Harmonic curves can
be reduced with the optimisation of the pulse sequence of 2D MS [178].
Vertical noise “streaks” can be observed in correspondence of the most abundant
precursors’ m/z (Figure 1.34, top). This source of noise is called “scintillation noise”
and originates from the variation in amplitude or frequency of a signal. The name
derives from astronomy [179], where the source of noise is given by the atmospheric
turbulence that causes the stars to twinkle. It is the equivalent of t1 noise in NMR
spectroscopy, caused by various sources of instability [180]. In 2D MS, the most likely
cause of scintillation noise is due to the fluctuation in the precursor ion intensities,
given by the varying number of ions introduced and transferred to the ICR-cell during
the experimental time. Independently from its source, scintillation noise cannot be
reduced by accumulating scans as for other sources of experimental noise, because it
is proportional to the precursors’ signal. Scintillation noise constituted a substantial
impairment of the 2D MS technique, due to the difficulty in spectral interpretation
in the presence of such noise. Currently, thanks to the use of more and more efficient
denoising algorithms, this source of noise no longer represents a significant problem.
The first approach to reduce or eliminate scintillation noise from 2D mass spectra
was attempted using an algorithm developed by Cadzow and Wu [181], previously
used with success in NMR spectroscopy. The algorithm is based on singular value
decomposition (SVD) of the signal into sums to exponentially dumped sinusoids, and
makes use of a Toeplitz matrix of the eigenvectors rearranged by decreasing order of
their eigenvalues. After an estimation of the noise levels, a number of eigenvectors
can be used to reconstruct the entire signal by application to each vertical section
of the 2D MS spectrum [182]. The use of algorithms based on SVD becomes less
attractive the bigger the data size: for increasing sizes, bigger matrixes are required,
with an increase in processing time and required computational capability. To tackle
the disadvantages of SVD on 2D mass spectra, whose size is generally 103 times big-
ger than similar 2D NMR spectra, Delsuc’s group developed a denoising algorithm
called uncoiling random QR denoising (urQRd) [183]. This algorithm is based on the
QR decomposition of a matrix randomly taken from the data set, i.e. the decompo-
sition of a matrix in a product of an orthogonal matrix (R) and an upper triangular
matrix (Q). In this case, instead of reducing the rank of the matrix containing the
SVD components, a randomized low-rank approximation of the matrix that retains
more signal than noise (a Hankel matrix) is performed. Curiously, as the developers
themselves affirm, they use randomness to reduce noise. The urQRd denoising algo-
rithm has been successfully applied to NMR, FT-ICR MS, and 2D FT-ICR MS data,
and it has been demonstrated that it reduces the computational processing time for
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denoising of about three orders of magnitude. Furthermore, urQRd allows denoising
to be applied to data of virtually infinite size. The maths behind urQRd is described
in the research article by Chiron et al. [183] and it is not intention of this chapter
to further elaborate on its operating principles.
Since its development, the urQRd denoising algorithm has been implemented in
the processing program used by the main groups of research on 2D MS. Although
the calculations behind this sort of denoising might not be of any concern to MS
users, an important parameter has to be taken in consideration when processing
two-dimensional spectra, the rank of the Hankel matrix, K. The rank K depends
on the number of the expected frequencies. However, opposite to what happens
with SVD, it is not as restrictive. The smaller the rank, the more noise is removed,
but if the randomized matrix is too small it might not be representative of all the
signal. Determining K a priori is usually quite difficult for systems involving bio-
logical/biochemical samples, and particularly for FT-ICR MS/MS or 2D MS, due to
the unexpected number of ionised species, hence the unknown number of expected
frequencies. Figure 1.34 shows the 2D mass spectrum of tryptic digested calmodulin
without (top) and with (bottom) the application of the urQRd denoising algorithm
to the data processing. The rank used was K = 6.
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Figure 1.34.: Successful application of the urQRd algorithm to a 2D FT-ICR mass
spectrum of tryptic digested calmodulin. In the raw mass spectrum
(top) vertical lines of scintillation noise can be observed along the m/z
of the most abundant precursors. Scintillation noise is drastically re-
duced by the application of the urQRd algorithm during processing
(bottom). For this spectrum, K was equal to 6.
1.10.3. Resolving power and mass accuracy
Resolving power and resolution have been explained for standard 1D FT-ICR MS in
Section 1.2.2.
In 2D FT-ICR MS it is possible to define the resolution for both dimensions, vertical
and horizontal. Since the y-axis shows the m/z of ions in the mixture prior to
fragmentation, i.e. the precursor ions, the vertical resolution is analogous to the
ability to separate two precursor ion peaks. Therefore, since the x -axis shows the
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m/z of the fragment ions generated by each precursor, the horizontal resolution is
related to the separation of narrow fragment ion peaks. Due to the nature of the 2D
Fourier transform, the horizontal resolution depends on the number of data points
used to acquire t2, while the vertical resolution depends on the number of iterations
in t1 (scans). As it can be seen in Figure 1.29.a, t2 is the length of the transient
acquired after the fragmentation occurs. Thus, t2 is dictated by the number of
data points used for each acquisition and the sampling frequency required, and is
easily variable, as for all FTMS acquisitions. t1, as described before, is the delay
between the identical initial pulses P1 and P2. The starting value of t1 = l1 · ∆t1
is chosen on the base of the lower m/z of interest, where ∆t1 is calculated from the
sampling rate and the Nyqvist frequency. The number of increments lmax is dictated
by the vertical resolution needed to effectively separate those precursors during the
subsequent 2D-FT-ICR MS experiment.
The inverse proportionality of the resolving power with m/z has been observed for
both the vertical and the horizontal dimension [184]. So far, horizontal resolving
powers (RPh or RPx) up to hundreds of thousands ppm have been observed only in
top-down proteomics (TDP) studies that did not require a higher vertical resolution
to separate the precursor ion peaks, represented by different charge states of the
protein under analysis [165]. Vertical resolving powers (RPv or RPy) are generally
much lower, since l is the time-limiting factor of the 2D MS experiment. The dif-
ference in resolution between the vertical and the horizontal dimension determines
the shape of the signal peaks in the two-dimensional map, justifying the elongation
of the circle to a more elliptical shape along the vertical dimension. Since the final
size of the datafile is proportional to the number of data points used in the vertical
dimension times the number of data points in the horizontal dimension, and since
longer transients (t2) and higher numbers of reiterations of the pulse programme
(t1) would constitute a longer experiment, the choice of resolution is often led by a
compromise (see Section 2.3).
Finally, in 2D MS a total (2D) resolving power is used as an estimation of the entire
spectrum, and is calculated as RP2D = RPy ×RPx.
Mass measurement accuracy (MMA), another point of strength of FT-ICR MS, is a
measurement of how the observed masses are close to their theoretical value. It is
notoriously defined as MMA = (mobs−mtheo)/mtheo · 106 in ppm [8], where mobs is
the observed mass-to-charge ratio of the peak on the mass spectrum (accurate mass),
and mtheo its exact mass.
High mass accuracies are obtained with internal calibration of the mass spectra. In
2D MS calibration of the vertical dimension is obtained through the calibration of the
autocorrelation line using the theoretical m/z of known precursors. Calibration in
the horizontal dimension is performed by internal calibration of a horizontal ion scan
(generally with a wide range of fragments spacing through low and high mass-to-
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charge ratios), using the theoretical m/z of known fragments. Parameters obtained
by internal calibration on a fragment ion scan can be used to calibrate all the fragment
ion scans in a 2D mass spectrum, which is the equivalent of an external calibration
for the other lines.
1.10.4. Alternative 2D MS
The excitation pulses used in the pulse programme for 2D MS are frequency-swept
excitation (“chirp”) pulses. Another approach to excite ions in the ICR-cell is the
stored waveform inverse Fourier transform (SWIFT) [77], which makes use of the in-
verse FT of the cyclotron frequencies of certain ions to generate a pulse that is able to
excite those specific ions. . In 1993, Ross et al. used SWIFT to design an alternative
pulse sequence for 2D MS, calling the method stored-waveform ion radius modula-
tion (SWIM) [185]. Whereas for the pulse sequence developed by Pfandler et al. an
incremental delay between two identical chirp pulses is used to achieve modulation of
the ion cyclotron radii before fragmentation, SWIM uses one single excitation pulse,
after which the cyclotron radius of each ion packet is proportional to the product of
the excitation amplitude and its length. The application of N waveforms of known
length whose amplitude is varied according to the excitation frequency would mod-
ulate the ion cyclotron radii of the precursor ions in the ICR-cell, and therefore the
abundance of their fragments after a radius-dependent fragmentation. SWIM 2D MS
has been later applied by van der Rest and Marshall for the analysis of oligopeptides
[186], and by Ross et al. for the analysis of polymeric mixtures and products of
combinatorial synthesis used in pharmaceuticals [175]. These studies, respectively in
2001 and 2002, were the first analytical applications of 2D MS on complex mixtures.
2D FT-ICR MS has proven to be a successful analytical technique, but its accessibil-
ity is limited by the purchase and maintenance cost of contemporary FT-ICR mass
spectrometers. Furthermore, in order to offer the best resolving power amongst the
mass spectrometric techniques, the duty cycle of FT-ICR MS/MS is slow, and it is
further slowered the more resolution is required. Recently, driven by the curiosity to
expand the use of 2D MS on other instruments and by the importance of developing
fast data-independent analysis of complex mixtures, van Agthoven and O’Connor
studied an in silico method to perform 2D MS on a linear ion trap (LIT) [187].
LITs are popular ion manipulation devices [188], to which SWIFT can be reasonably
applied. They can generally store more ions than quadrupole ion traps, which is
beneficial for 2D MS, since the whole mixture is fragmented/analysed at the same
time [189]. van Agthoven and O’Connor simulated a SWIM 2D LIT MS experiment
using SIMION, in the configuration shown in Figure 1.35.
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Figure 1.35.: Setup for 2D LIT MS. Reproduced by van Agthoven and O’Connor
[187].
The simulation study demonstrated that by modulating the overlap between the
precursor ions and the fragmentation area through SWIM, the fragment ion abun-
dances were modulated according to the resonant frequencies of their precursors (or
half their encoding frequencies if excitation of the precursor ions leads to ejection).
The experiment generated 2D mass spectra similar to the output of 2D FT-ICR
MS. In the experiment, the LIT was used as ion manipulation device, and, although
it could be used as a mass analyser, the coupling with faster instruments such as
time-of-flight (TOF) mass spectrometers or with a drastically higher RP, such as
Orbitraps or FT-ICR MS is the most attractive option. In particular, 2D LIT/TOF
experiments could require as long as 10 s, much less that the minimum of 20-30
minutes required so far in 2D FT-ICR MS, and compatible with chromatography
timescales. The LIT-TOF coupling could lead to online LC-2D MS in which the
need of isolation is completely removed.
1.10.5. MSn/2D MS
Standard 2D MS gives information equivalent to multiple MS/MS (or MS2) experi-
ments on the analytes of an entire mixture. 2D MS can be implemented to generate
information equivalent to MSn by adding n-1 fragmentation steps before the two-
dimensional mass spectrometry analysis in the ICR-cell. This procedure is called
MSn/2D MS, and it is explained in Figure 1.36 for an extra fragmentation step.
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Figure 1.36.: Workflow of MS/2D MS with representative spectra from the differ-
ent steps of the procedure. Analytes are protonated in the ionisation
source, generating a charge-state distribution like the one in insert (a).
A charge state of interest is then isolated in the quadrupole (b) and
fragmented with CAD in the hexapole collision cell, generating primary
fragment ions shown in (c). The generated CAD-fragments are finally
sent to the ICR-cell for two-dimensional MS analysis. (d) The auto-
correlation line (blue) shows the CAD-fragments that entered in the
ICR-cell. Horizontal fragment ion spectra (green) show the fragmenta-
tion patterns of each precursor ion (further fragments obtained by in-
cell fragmentation of CAD-fragments). Vertical precursor ion spectra
(magenta) show the precursor ions of each fragment ion. Neutral-loss
lines (purple) show the loss of neutrals by precursor ions. Reproduced
with permission from Floris et al. [190].
The technique shown in Figure 1.36 is an example of MS/2D MS, and it is an exper-
iment that generates information equivalent to MS/MS/MS (or MS3) without any
sort of in-cell isolation. The analytes are introduced into the mass spectrometer, and
ionised in the ionisation source (1.36.a). A precursor of interest is selected through
quadrupolar isolation (1.36.b), accumulated, and fragmented in the hexapole-based
collision cell, e.g. with CAD (1.36.c). Finally, all the CAD-fragments are sent
to the ICR-cell for two-dimensional mass spectrometry with IRMPD or ECD. The
output is a two-dimensional mass spectrum containing all the fragmentation pat-
terns of the previously generated CAD-fragments. The technique has been devel-
oped by Floris et al. to improve the cleavage coverage of TDP 2D MS [190, 191],
and made use of 2D MS unique features such as the extraction of precursor ion
scans to simultaneously identify specific precursors (e.g. all the precursors with
the same terminus) or the sequencing of internal ions through the data-independent
fragmentation. MS/MS/2D MS (or MS2/2D MS) experiments were also performed
on Ubiquitin, using ISD/CAD/ECD (or IRMPD) as fragmentation techniques, with
the ISD/CAD/ECD approach obtaining about 87% of the cleavage coverage with a
single experiment (see Chapter 4).
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MS/2D MS can be used when detailed information of samples of considerable size,
such as proteins or protein complexes, is needed.
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2. 2D FT-ICR MS: two dimensions,
infinite possibilities.
The contents of this chapter have been submitted as a book chapter [1].
Reproduced with permission from Elsevier, submitted for publication. Unpublished
work copyright 2018 Elsevier.
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Principles, background and outputs of 2D FT-ICR MS have been explained in the
previous chapter. In this chapter, the acquisition of 2D MS data using contemporary
FT-ICR mass spectrometers and processing softwares is explained, and the most re-
cent applications of the technique are detailed. A glossary explaining the terminology
in use with 2D MS is also reported.
2.1. DATA ACQUISITION AND PROCESSING
CHAPTER 2. 2D FT-ICR MS: TWO DIMENSIONS, INFINITE
POSSIBILITIES.
2.1. Data acquisition and processing
Contemporary FT-ICR mass spectrometers allow the users to be in charge of the
complete data acquisition, by controlling all the necessary parameters for tandem
mass spectrometry analysis, from the ionisation to the detection in the ICR-cell,
including accumulation, isolation, and fragmentation, as schematised in Figure 2.1.
Figure 2.1.: Simplified scheme of a Fourier transform ion cyclotron resonance mass
spectrometer and tandem mass spectrometry workflow.
Acquisition of two-dimensional mass spectra is similar in the practice regarding the
set of operations that require to be optimised when collecting tandem mass spectrom-
etry data. As for standard FT-ICR MS/MS, the instrument is calibrated through a
known, high ionisation-efficiency mixture before data of the real sample are acquired.
Ionisation and transfer of the analytes to the ICR-cell are then optimised in order
for the user to be able to visualize a full mass spectrum with enough signal-to-noise
ratio (S/N or SNR) to discern between real and noise peaks for different substances
in the mixture. Other visual parameters such as the peak shape and the oscillation
of the peaks around a certain m/z give information about the stability of the sample
throughout the process, and are used for a visual confirmation of a correct instru-
ment tuning. A control one-dimensional mass spectrum is usually acquired at this
stage, accumulating transients to verify that all the peaks under interest are above
the SNR thresholds. If not, the procedure is optimised further, e.g. adjusting ion
transfer and accumulation. 2D FT-ICR MS analysis requires a stable, continuous
source of ions in order to be performed, due to the number l of scans required for
the accumulation of a single mass spectrum. For this reason, sources like ESI and
nESI, or APPI, able to last for hours depending on the flow rate (and syringe size,
for ESI and APPI), have been preferred so far.
When a full mass spectrum is visibly stable on the instrument interface (Figure 2.1.a),
the quadrupole-isolation of a suitable peak is optimised, an isolation spectrum is ac-
quired (2.1.b). The isolated substance is then fragmented. The dissociation technique
must occur in the ICR-cell and be radius-dependent. Fragmentation is optimised in
order to obtain the highest number of fragments, always considering SNR, peak sta-
bility, and peak shape. A control tandem mass spectrum is acquired (2.1.c). For
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small molecules and peptides, it has been observed that the parameters used for the
fragmentation at this stage gave similar results in terms of molecular bonds broken
during the 2D MS acquisition, but with differences in fragment abundances [165].
For entire proteins of considerable size, or mixtures so complex that ion isolation is
not achievable, the fragmentation is optimised on the entire mixture at once, without
isolating. In this case, it is observed how the precursor ion intensity decreases, and
the appearance of new peaks in the spectrum, corresponding to fragments of the
precursor ions. However, without precursor-ion isolation prior to MS/MS (or the
modulation of ion radii of 2D MS) it is not possible to determine which fragment
derives from which precursor. Both the mentioned fragmentation optimisations re-
sult in one-dimensional mass spectra that will differ from the fragment ion scans
extracted from the resulting 2D mass spectrum. This is due to the difference in the
number of ions inside the ICR-cell during the “one-dimensional” optimisation and
the 2D acquisition, and to the modulation of the precursor ions during the 2D pulse
programme, which causes them to oscillate in and out of the fragmentation area.
However, the parameters obtained through the 1D-optimisation of the fragmenta-
tion efficiency give an idea of what to expect in the 2D mass spectrum, and so far
they have been used with excellent results.
Once the parameters for an optimal fragmentation efficiency have been found, the
users need to choose the values for the pulses and delays of the 2D MS pulse pro-
gramme. Figure 1.29.a reports the pulse programme used to achieve correlation
between fragment and precursor ions in 2D MS, as explained in Section 1.10.
Studies on the optimisation of the pulse sequence and in particular on the influence
of the three excitation pulses on the output of 2D MS, have been performed using
IRMPD as the fragmentation technique [178]. Both experimental and simulated data
have demonstrated that better two-dimensional spectra are acquired if application
of the encoding sequence keeps the fragmenting ions inside the laser radius.
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Figure 2.2.: Pulse sequence used to measure the fragmentation efficiency after ap-
plication of a single excitation pulse, therefore to optimise the 2D MS
pulse programme. Reproduced by van Agthoven et al. [178].
The effect of a single pulse has been studied by exciting the ions entering the ICR-cell
with a chirp of different pulse lengths or amplitudes, and detecting the generated
fragments through the usual excitation-detection sequence. Figure 2.2 shows the
sequence used for these measurements. The fragmentation efficiency was measured,
and the parameters for the best fragmentation efficiency were used to acquire IRMPD
2D mass spectra of the same substances. Experiments confirmed that, by optimising
the amplitude and length of the pulses in the encoding sequence, the acquired 2D
mass spectra had fewer harmonics and a better SNR. Increasing the observe pulse P3
had different effects on the precursor and fragment ions. The latter see their signal
increased, with consequent improvement in SNR, by increasing P3. However, the
observe pulse has a different effect on the precursor ions, because their ion intensity in
2D MS depends on the fragmentation in the ICR-cell. The application of an observe
pulse which is significantly higher than P1 and P2 overthrows their modulation,
inficiating the correlations otherwise allowed in a 2D mass spectrum.
The same sequence used in Figure 2.2 can be used to optimise similar radius-
dependent fragmentations for 2D MS.
t1 is back-calculated using the m/z of the lowest precursor of interest, which corre-
sponds to the highest frequency that is going to be observed in the two-dimensional
mass spectrum. From the m/z value, knowing the intensity of the magnetic field,
it is possible to calculate the digitization rate, and through the Shannon-Nyqvist
theorem the sampling rate, which is used to estimate ∆t1. The lowest precursor of
interest can be observed through investigation of the acquired full mass spectrum.
The same spectrum gives an idea of the complexity of the mixture, and on the nec-
essary resolving power to be able to discriminate between precursor peaks, hence the
number l of reiterations of the pulse programme. lmax corresponds to the number of
data points used in the vertical dimension. Two-dimensional bottom-up proteomics
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(BUP) studies published so far, involving mixtures of peptides from protein tryptic
digestion, used 2048 to 4096 scans. In top-down proteomics (TDP), in which the dif-
ferent charge states of the protein under analysis have usually a significant difference
in m/z, therefore a much lower resolving power is needed in the vertical dimension,
values of l = 512 were used.
P3 and t2 are respectively the excitation pulse given to all ions in the ICR-cell in
order for them to be detected and the transient length used for the acquisition of
the mass spectra, which determines the number of data points used in the horizontal
dimension. Both these parameters are chosen during the acquisition of the one-
dimensional control mass spectra.
The acquisition of a 2D mass spectrum is then performed, generating a datafile whose
size will be proportional to the number of data points used in the vertical dimen-
sion times the data points used in the horizontal dimension. As mentioned, these
files are generally 103 bigger than 2D-NMR files, and for a long time their data size
constituted a limiting factor in the acquisition and processing of two-dimensional
mass spectra. E.g. the BUP 2D MS spectrum of Figure 1.34 was acquired using
4096 data-points in the vertical dimension and 512k data-points (16-bit) in the hor-
izontal dimension, and the generated datafile before processing was 23.5 GB. The
same size was obtained recording the TDP 2D MS spectrum of calmodulin, using
512 data-points in the vertical dimension and 4M in the horizontal dimension. Until
the subsequent development of the processing and visualisation programme, SPIKE
(see below), and the parallelisation of its code in multiple-core processor units, the
acquisition of 2D mass spectra was limited to a size that could be processed and
visualised through desktop computers. Therefore, the number of data points in both
dimensions were chosen based on the resolving powers involved and the feasibility
of the data analysis through office computers. For BUP studies, this affected more
the horizontal resolution, reduced from the usual values used routinely in FT-ICR
MS/MS (4M data points, 16-bit) to much shorter transients, about 8 to 16 times
smaller. A compromise regarding the vertical resolution is also applied when consid-
ering the length of the overall experiment: l, in fact, takes in consideration the whole
duty cycle of a standard FT-ICR MS/MS acquisition. For acquisitions requiring,
for example, careful ion transfer or long accumulation times (2-3 s), which have to
be added to the pulses, delays, and fragmentation times occurring in the ICR-cell,
reiterating the pulse programme 4k to 8k times would result in very long experi-
ments. When other tuning parameters cannot be reduced in order to optimise the
experimental time, the number of loops l is chosen based on the minimum necessary
resolving power required in the vertical dimension.
The acquired two-dimensional data is processed using SPIKE (Spectrometry Pro-
cessing Innovative KErnel), a software developed by the University of Strasbourg
and CASC4DE (Illkirch-Graffenstaden, France) to adapt the processing of Fourier-
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transform based spectroscopies to Big Data [192]. SPIKE is based on a software
previously developed for NMR, called NMR processing kernel (NPK) [193]. The pro-
gram is written in 64-bit Python programming language, and includes features for
different FT spectroscopies and urQRd amongst other denoising algorithms. SPIKE
is able to interpret the metadata associated to the data-files produced by different
manufacturers, and to extract the raw experimental data for its processing. In case
of 2D FT-ICR MS, Bruker Apex and Solarix files can be read. The processing is
performed onfile, through Hierarchical Data Format, generating HDF5 file format
outputs.
The rank K for urQRd, which determines the extent of the denoising of the resulting
two-dimensional mass spectrum (see Section 1.10.2), can be selected at this stage. As
mentioned, K is difficult to determine a priori for biochemical samples in FT-ICR
MS, but some suggestions are given based on the experience in the applications of 2D
MS to complex mixtures. The work of van Agthoven et al. on the comparative BUP
study of cytochrome c used ranks of 3 for both the 2D MS spectra acquired. Floris et
al., in a BUP mixture of increased complexity used ranks of 6 to 10 [165, 194], and up
to 15 when working with polymeric mixtures or with MS/2D MS [166, 190, 191]. K
depends on the number of estimated precursor ions, and can be chosen by observing
the complexity shown in the one-dimensional control mass spectrum of the entire
mixture. If K is too low, the sub-matrix chosen to estimate the total data and exclude
noise might not be representative, and signal corresponding to real peaks can be lost.
As control for an efficient denoising, the acquisition of a 2D mass spectrum without
denoising and one with a temptative value of K can be performed. In order to verify
that real signal has not been excluded in the denoising process, all the peaks on the
autocorrelation line of the non-denoised spectrum must be on the autocorrelation line
of the denoised spectrum. Applying a denoising algorithm to a 2D mass spectrum
greatly increases the computational power required and the processing time, although
the use of urQRd reduced these delays compared to previous denoising attempts.
The possibility to parallelise the code onto multiple processors greatly reduces the
processing time of big data-files, making the option of using processor clusters defi-
nitely more attractive than desktop computers. E.g., the processing of the mentioned
23.5 GB, urQRd rank 6, TDP and BUP spectra of calmodulin took more than 12
hours to be processed on a desktop computer with 8 GB of dedicated RAM and 4
core processors, and about 3 hours using 64 processors. The gain in processing speed
with parallelisation over multiple processors was reported by Chiron et al. [192].
Finally, the latest version of SPIKE, available at https://bitbucket.org/delsuc/spike,
was implemented with a novel compression format, which allows fluent visualisation
of big processed files on standard office computers.
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2.2. Data analysis
SPIKE has been equipped with a visualisation feature enabled through the script
visu2D.py. A screen of the visualisation program is reported in Figure 2.3.
Figure 2.3.: Interface of the visualisation program used in 2D MS, with an extraction
of a zoom of the two-dimensional map. Reproduced from Chiron et al.
[192].
The program creates a custom interface in which the 2D spectrum can be observed
by data points or their equivalent in m/z. The latter offers the possibility to visualise
the two-dimensional contour plot in its common and useful way [(m/z )precursors ×
(m/z )fragments]. All the visual data analysis is performed using the map in m/z for
both the dimensions. The map is visualised at a certain level of scale, representing
the depth of the observation of the peaks from “above”. The most abundant ions
are visualised first, since the intensity of their peaks is higher. The scale can be
varied by the user, and increasing the scale increases the number of visualised peaks,
up to the noise level. Control lines around the center of the “circles” representing
a transversal cut of the peaks from the third dimension are an indication of the
peak intensity. The visualisation program has different levels of resolution, and for
the visualisation of the complete map the minimum resolution is used. Areas of
interest can be explored by zooming on them, by hand, or by using specific m/z
coordinates, and the resolution used is higher the deeper is the zoom. The program
offers the opportunity to observe the two-dimensional map from the third dimension,
including a peak picking program that calculates the centroid of the shown peaks in
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both dimensions, or to extract specific lines of signal by inserting their coordinates
in m/z.
The detailed data analysis of a 2D MS experiment starts from the extraction of the
autocorrelation line from the 2D mass spectrum. The spectrum generated by the
extraction of the autocorrelation line is a mirror of the mixture before fragmentation,
and constitutes information equivalent to the acquisition of a one-dimensional full
mass spectrum. The spectrum can be observed through a different window in the
visualisation program (like the zoom presented in Figure 2.3), through which some
customisation options are available (changing axis scale, colours, etc), as well as the
possibility to save the window as PDF, or the extracted data as a spreadsheet with
comma separated values (CSV). The autocorrelation line is then calibrated using
the theoretical m/z of known precursors, and all the possible peaks are assigned at
first based on the their m/z. Calibration of the autocorrelation line occurs through
extraction of the mass list as a CSV file, conversion into a peak list, and manual
calculation using a calibration equation. For each peak on the autocorrelation line,
a fragment ion scan can be extracted. From the two dimensional map it is possible
to observe the horizontal lines showing the most efficient fragmentation. Usually,
a line with many fragments, spread at different mass-to-charge ratios, is chosen
and extracted. The generated mass spectrum is calibrated as described for the
autocorrelation line (using the theoretical m/z of known fragments), and then all
the possible peaks are assigned based on their m/z. The parameters used for the
successful calibration of this line can be used to calibrate the entire spectrum in the
horizontal dimension, and inserted in the code for the mass list conversion, in order
to obtain already calibrated mass lists. Fragment ion scans are extracted for all
the precursors in the autocorrelation line, and the generated spectra are analysed,
and their peaks assigned based on the fragments’ m/z. Analysis of the fragment ion
scans constitutes information equivalent to tandem mass spectrometry targeted at
the selected precursor.
By the analysis of the autocorrelation line and the fragment ion scans, the user
has already performed a tandem mass spectrometry study on an entire mixture.
Particularly complex mixtures may use the extraction of neutral-loss lines or specific
fragmentation lines for a successful assignment of the precursors. As explained in
Section ??, neutral-loss lines can be used to assign entire classes of precursors (with
the same charge) associated by the same loss. E.g. phosphorylated peptides might
lose a PO2 group , or N-glycosylated peptides might lose a mannose unit when
subjected to IRMPD. Extraction of neutral-loss lines has the potential to identify all
those classes of molecules at once, and might be helpful when assignment of precursor
ion peaks based on their m/z leads to many different possibilities with similar mass
errors. Analysis of neutral-loss lines has been used by Floris et al. to successfully
assign all the singly-charged linoleated and oleated species at once in a sample of
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Polysorbate 80 [166]. Assignment of the linoleated and oleated species allowed the
identification of low intensity peaks with an average of 0.04 Da of difference with the
different possible assignments.
Vertical ion scans can be extracted for each fragment of interest. Their advantage
compared to the neutral-loss lines is that they do not depend on the charge of the
precursor ion. Therefore they have the potential to be used for specific precursor ion
assignment whenever the precursor generates the fragment of interest. An example
of this use is observed in the MS/2D MS work of Floris et al., where by identification
of a b ion, successful assignment of many b ions on the autocorrelation line was
performed. This feature is particularly important for TDP de novo sequencing,
where the assignment of a specific fragment ion (in this case an ion retaining the
N-terminus of the protein in analysis) could virtually lead to the identification of
all the precursor ions retaining the N-terminus in a single scan. Another use for
vertical ion scans has been hypothesized by Floris et al. [165] in the TDP study of
calmodulin, in which the extraction of the precursor ion scan of ion y3 did not show
all the charge states of the protein in denaturing conditions found instead in the
autocorrelation line. Floris et al. hypothesized a charge-dependent fragmentation
for which the protein under analysis folded differently based on its charge state,
generating different kinds of fragments based on the folding.
Finally, as anticipated in Section 1.10.1, isotopic distribution separation in the two
dimensions can be used to obtain information about the charge of their precursors.
van Agthoven et al. [176] successfully used used this feature to assign fragments
of precursors separated by 0.0156 Daltons per charge, based on the slope of the
fragments’ isotopic distribution, as shown in Figure 1.33.
2.3. Applications of 2D MS
After the studies conducted in 2001 and 2002 by van der Rest and Marshall,
and by Ross et al., 2D FT-ICR MS was not used anymore until 2010, when it was
implemented on a 9.4-T ApexQE FT-ICR mass spectrometer, using a nESI source
and IRMPD as fragmentation technique [195]. The analysed samples were small
well-known peptides, fragment 1-8 of bradykinin, and substance P. The acquired data
were processed with NMR processing kernel (NPK). The obtained mass spectrum,
although limited in the vertical resolution by the size of the generated datafile, had
an improved total resolution compared to the previous applications of 2D MS due to
the use of a fragmentation technique which did not require the injection of gases in
the ICR-cell. The experiment revived an interest in the development of 2D FT-ICR
MS, which still had to cope with limitations in the processing powers for relatively
large datasets, and the impairment given by scintillation noise. Later on, the Cadzow
denoising algorithm was developed for use in 2D MS [182], and the technique was
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implemented for use with ECD. An ECD 2D mass spectrum of Substance P was
successfully acquired, showing features similar to the IRMPD 2D mass spectrum
[177]. The technique was also used on a mixture of glycopeptides, sparking the idea
to further develop NPK for larger datasets, which at first became NPKV2, and finally
SPIKE (described in Section 2.1).
Development of 2D MS for use with different radius-dependent fragmentation tech-
niques, with the use of improved processing and visualisation programs, as well as
efficient denoising algorithms to remove the scintillation noise, brought to the gen-
eration of high resolution 2D mass spectra, therefore to more analytical applications
of the technique.
In 2015, van Agthoven et al. used IRMPD 2D MS to differentiate the fragmentation
pathways of cholesterol [196]. The experiment was the first example of coupling 2D
MS with an APPI source. APPI is a continuous ionisation source for polar and non-
polar substances, which generates protonated species and radical cations. Limited
in-source fragmentation and oxidation can occur. Cholesterol is a known molecule
with a well-described fragmentation, and in this study it was used as a model to
demonstrate the features of 2D FT-ICR MS on the analysis of small molecules.
Analysis of the APPI-IRMPD 2D mass spectrum of cholesterol is shown in Figure
2.4.
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Figure 2.4.: Two-dimensional mass spectrometry analysis of APPI-ionised cholesterol
with IRMPD as fragmentation technique. (a) APPI-IRMPD 2D mass
spectrum of cholesterol without denoising. Two areas are highlighted
in (b) and (c). Two fragment ion scans are highlighted with an ellipse
(d and e), as well as a precursor ion scan (f). The autocorrelation line
and several neutral loss lines (g, h, i) are indicated by dotted lines. (b,
c) Zooms on the 2D mass spectrum, showing area in which respectively
fragment ion scans and neutral-loss lines are visible. (d, e) Fragment
ion scans of different precursor ions. (g, h, i) Neutral-loss lines showing
respectively all the singly-charged precursors that lost CH3•, water, or
a nitrogenated group during τm. Reproduced from van Agthoven et al.
[196].
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The autocorrelation line was investigated to assign the protonated and radical pre-
cursor species, and extraction of fragment ion scans as the examples reported in
Figures 2.4.d and 2.4.e allowed for more structural information based on the as-
signed fragments. The use of 2D MS allowed to separate the fragmentation patterns
of very close precursor peaks, such as the ones highlighted at the bottom of the zoom
of Figure 2.4.b. The horizontal scans show the fragmentation patterns of the [M+H-
H2O]+ and [M-H2O]•+ species of cholesterol, with a nominal difference of 1 Dalton
per charge. Such small mass separation would have been challenging for standard
quadrupolar isolation and subsequent fragmentation. The data-independent nature
of 2D MS allowed to assign some contaminant peaks generated by reaction of ace-
tonitrile and cholesterol in the APPI source, with production of nitrogenated species.
Such species, reported by Marotta et al. in previous studies [197, 20], were detected
through the extraction of neutral-loss lines of nitrogen-containing species, impossi-
ble for cholesterol alone (Fig. 2.4.i). The nitrogenated precursors reported by van
Agthoven et al. were not particularly abundant, and they would have been missed
in a standard MS/MS experiment. However, in 2D MS the fragmentation patterns
of all the substances in the mixture are present, allowing the investigation of such
substances without further additional experiments. Finally, precursor ion scans were
used to obtain more information on the fragmentation mechanisms of some fragments
of interest (Fig. 2.4.f).
In the same year, Simon et al. started a BUP FT-ICR MS/MS characterisation
study on commercially available type I bovine collagen through different fragmen-
tation techniques, CAD, IRMPD, and ECD. Type I bovine collagen is a 406-kDa
heterotrimetric triple helix protein [198, 199], whose tryptic digestion leads to hun-
dreds of peptides (681 tryptic peptides in silico, assuming no missed cleavages and a
variable number of hydroxyprolines) and intuitively to very complicated mass spectra
[168]. The full mass spectrum of tryptic digested collagen is reported in Figure 2.5.
In such complicated mixture, quadrupolar isolation of precursor ions is extremely
challenging without loss of sensitivity.
Although Simon et al. reported the successful isolation of some precursor ions, the
tandem mass spectra of some species were inficiated by the presence of unassignable
peaks, due to co-isolated and fragmented substances. These conditions led to in-
complete cleavage coverages of precursor peptides, and unassigned precursors due
to the absence of available tandem mass spectrometry. 2D IRMPD MS was used
to provide more tandem mass spectrometry information on the entire mixture, by
extracting the fragment ion scans of the precursors whose isolation was (a) “contam-
inated” or (b) not achievable [200]. In the first case, fragment ion scans were used
to back up information obtained with 1D-FT-ICR MS/MS, allowing elimination of
the contaminant peaks derived from the fragmentation of co-isolated species. For
case (b), 2D MS allowed to obtain structural information for the assignment of those
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peaks, even when only a few cleavages occurred. At that time, 2D FT-ICR MS could
not stand alone from 1D MS/MS of complex mixtures, being the technique still in
development, but the multidimensional study by Simon, Floris et al. represented the
first comparative study between MS/MS and 2D MS and a first step towards the
analysis of such mixtures.
In 2016, a BUP IRMPD/ECD 2D MS comparative study on cytochrome c demon-
strated that 2D MS was able to perform tandem mass spectrometry analysis on
complex mixtures, sometimes exceeding the performances of standard MS/MS [176].
Using the unique 2D MS features of separation of masses in two dimensions, van
Agthoven et al. were able to investigate the fragmentation patterns of precursor
ions with a difference of less than 0.02 m/z. The cleavage coverage of cytochrome
c obtained with two 2D MS experiments of 20 min each was comparable to the one
obtained with several IRMPD and ECD MS/MS analyses targeted at the isolated
precursors of interests.
The increasing importance of top-down proteomics brought the necessity to develop
2D MS for this mass spectrometry approach to protein analysis. In 2016, Floris
et al. performed the first two-dimensional TDP study, and compared it to BUP
2D MS of the same protein [165]. The experimental results were also compared
against standard TDP and BUP 1D-MS/MS analysis. The work by Floris et al.
was performed on calmodulin (CaM), a ubiquitous protein able to bind up to four
calcium atoms in the human body for signalling purposes [201, 202, 203]. Calmodulin
(149 residues, 16.8 kDa) is bigger in size compared to cytochrome c and its structure
does not include disulphide bonds. These two characteristics made CaM a suitable
model for BUP/TDP 2D MS studies, respectively because it represented a step up
in the complexity of the derived tryptic digestion mixture, and because it did not
need reduction/alkylation of disulphide bonds, two sample manipulations that often
lead to sample losses and further desalting/purification steps before introduction into
the mass spectrometer. The study produced the first TDP IRMPD 2D MS of CaM
(Figure 2.6.a), showing the fragmentation patterns of all the charge states of the
protein at once (2.6.b).
Different charge states subjected to the same fragmentation parameters can produce
different fragments. The precursors that generated specific fragments depending on
their charge states could be observed through precursor ion scans (Figure 2.6.c).
The BUP 2D IRMPD mass spectrum of tryptic digested CaM was also acquired
and analysed, and the cleavage coverages obtained with the two-dimensional studies
were comparable (23% for TDP and 22% for BUP using IRMPD as fragmentation
technique). The study also explored the differences between working with TDP and
BUP 2D MS in terms of the vertical and horizontal resolutions required, and the
limitations given by the computational capacities in the processing and analysis of
mass spectra, due to the generated file sizes of 23.5 GB.
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The autocorrelation line in Figure 2.6.b (top) is compared to the full 1D mass spec-
trum of CaM in denaturing conditions (bottom). Such comparisons have been per-
formed for both the studies, comparing the results of 1D MS and MS/MS with 2D
MS. Floris et al. demonstrated that the cleavage coverages obtained with IRMPD
2D MS were comparable to the 1D IRMPD MS/MS results, with a consistent saving
in sample- and time-consumption.
The multidimensional study on calmodulin was later implemented with the use of
ECD. By adding a single BUP ECD 2D MS experiment, the cleavage coverage of the
protein was increased by more than 20%, confirming the suitability of 2D MS as a
fast data-independent analytical technique [194].
Finally, Floris et al. applied ECD and IRMPD 2D FT-ICR MS to the analysis of
polymeric mixtures, expanding the use of high resolution 2D MS to polymer charac-
terisation [166]. Two-dimensional spectra were acquired for a homopolymer of com-
mon use such as poly(methyl methacrylate) (PMMA), and two polymeric mixtures
of different complexities, D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS)
and Polysorbate 80, commonly used as excipients in pharmaceuticals. The spectra
were acquired with IRMPD and ECD as fragmentation techniques, and compared
to previous studies on the same substances using MS, or CAD and ECD MS/MS
[204, 205, 206]. The multidimensional study demonstrated once again that data
obtained with 2D MS with a single experiment were comparable with the results ob-
tained previously with 1D MS/MS studies, establishing the use of 2D MS for polymer
analysis. Figure 2.7 reports the two-dimensional analysis of TPGS, and the amount
of information extracted from a single IRMPD 2D mass spectrum (2.7.a, b, d-g) in
comparison with the some extractions from the ECD 2D spectrum (2.7.c, h-j).
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Figure 2.7.: Two-dimensional analysis of TPGS in acetonitrile and Na2SO4 with
IRMPD and ECD as fragmentation techniques, and proposed nomencla-
ture.(a) IRMPD 2D mass spectrum with highlights on the most abun-
dant fragmentations in the mixture. (b) Autocorrelation line extracted
from spectrum a. (c) Autocorrelation line extracted from the ECD 2D
mass spectrum of TPGS. (d-f) Fragment ion scans extracted from spec-
trum a, respectively for singly-, doubly- and triply-charged TPGS. (g)
Fragment ion scan of Di-TPGS2+ extracted from spectrum a. (h, i) Frag-
ment ion scans extracted from the ECD 2D mass spectrum of TPGS,
respectively for doubly- and triply-charged TPGS. (J) Fragment ion scan
of Di-TPGS2+ extracted from the ECD 2D mass spectrum of TPGS. Re-
produced from Floris et al. [166].
Extraction of neutral-loss lines allowed for the simultaneous detection of the oleated
and linoleated species present in the Polysorbate80 mixture, granting the assignment
of low-intensity precursors whose possible mass-to-charge ratios differed of 0.04 Da.
Polysorbate 80 is a mixture of polymeric synthesis products at very similar m/z
[207], nearly impossible to isolate and fragment singularly: the 2D MS analysis
of represented the first high resolution tandem mass spectrometry study for the
characterisation of such polymeric mixture. Due to the repetitive nature of polymers,
preferential fragmentations are repeated along the polymeric distribution of the same
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structures, causing strikes of signal clearly visible on the two-dimensional map. These
lines (highlighted in red in Figure 2.7.a) are typical of each polymeric mixture, and
can be used as a two-dimensional fingerprint for the recognition these samples.
2.4. Next steps along the two dimensions
Two-dimensional mass spectrometry underwent several developments in the last
decade, to the point of becoming an independent analytical technique with unique
features, and constitute a useful platform for complex mixtures in proteomics and
polymer analysis. Initial challenges like the scintillation noise, the impossibility to
acquire then process and visualise large datasets, and the use and optimization of the
technique with different fragmentation methods have now been addressed, bringing
to the production of analytically useful two-dimensional mass spectra.
The two-dimensional spectra generated so far, although on top of their resolution for
the analytical purposes required, showed resolving powers on the singular dimensions
much lower than the RPs achieved routinely in FT-ICR MS. For both the dimensions,
this is due to user-imposed limitations on the resolutions in order to save experimental
and processing time. On this purpose, Delsuc’s and Rolando’s groups are working on
algorithms that would improve drastically the vertical resolution, based on the non
uniform sampling (NUS) on the vertical dimension. Such algorithms have proven to
be able to increase the RPv by several orders of magnitude without prolonging the
experiment [208].
The amount of information generated by 2D MS regards the entire mixture under
analysis, and at present most of the data analysis is done manually. Tools to au-
tomatise some of the data analysis are limited and still in development. In order
to tackle the huge amount of MS/MS-equivalent information, it would be useful to
automatise the peak-picking process in the two-dimensional map in order to create
files readable by the most used database search engines in proteomics. Algorithms
for the automatic recognition and assignment of isotopic distributions in the two
dimensions, equivalent for example to the SNAP function implemented in Bruker
mass spectrometers, would also constitute a matter of taking advantage of all the
information available in each single 2D mass spectrum.
Although 2D MS is getting ready to be exported to different mass spectrometry
instruments, FT-ICR MS has still improvements to offer. So far, 2D FT-ICR MS
has been developed and applied successfully only with the Infinity cell. As mentioned
by van Agthoven et al. [184], maintaining the ion coherence is very important in 2D
FT-ICR MS experiments, due to the FT in the vertical dimension, and the geometry
of the cell in this respect can greatly affect the quality of the spectra. Different cells,
like the compensated cells on the model of the one developed by Brustkern et al.,
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or the harmonised cell, and the NADEL cell, mentioned in Section ??, constitute a
promising research ground for further improvements of the technique.
It is hypothesized that coupling of 2D LIT MS with a fast mass analysis technique
such as TOF could lead to LC-2D MS experiments in which isolation is eliminated.
Such possibility would further open the technique to the analysis of very complex
mixtures, eventually enstablishing the technique for routine use in the analytical
chemistry laboratory.
2.5. Glossary
Autocorrelation line Identity line in a 2D mass spectrum (y = x), whose extrac-
tion generates a mass spectrum of all the precursors in a mixture before their
fragmentation. The name derives from the fact that signals along the line are
generated by the correlation between the modulation of the precursor intensi-
ties with their cyclotron frequencies.
Electron-capture line Line that crosses the signals of the charge-reduced species
generated by the capture of p electrons during an ECD 2D MS experiment. Its
equation is approximated to Equation ?? by ignoring the mass of the electron.
Encoding pulse The second pulse in the classical 2D MS pulse sequence, designated
P2, identical to P1. After the encoding pulse, the previously resonantly excited
ions will be further excited, or de-excited, based on their cyclotron frequency
ωc and t1.
Encoding sequence Part of the 2D MS pulse sequence including P1, t1, and P2. It
encodes the cyclotron frequencies of the precursor ions prior to fragmentation.
Excitation pulse First pulse of the 2D MS pulse sequence, designated P1. It excites
all the ions entering the ICR-cell at higher cyclotron radii.
Frequency encoding period Incremental delay between the excitation and the en-
coding pulse, t1 = l1 ·∆t1, during which the precursor ions orbit according to
their cyclotron frequencies. l is the number of increments, and gives the reso-
lution in the vertical dimension. ∆t1 gives the sampling rate and the Nyqvist
frequency. The FT for the vertical “modulation” dimension is calculated along
t1.
Fragmentation period Fixed period of radius-dependent fragmentation in the ICR-
cell, τm, between the encoding sequence and the observe pulse.
Fragment (horizontal) ion scan Horizontal cross section of the 2D mass spectrum
in correspondence of the m/z of a precursor of interest [y = (m/z)precursor]. Its
extraction generates a mass spectrum of all the fragments generated by that
precursor.
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Neutral-loss line Line parallel to the autocorrelation line, whose extraction gener-
ates a mass spectrum of all the precursors of a selected charge that underwent
a specific neutral loss (Equation ??).
Observe pulse Last pulse in the 2D MS pulse sequence, designated P3, which excites
precursor and fragment ions prior to detection. It is a typical pre-detection
chirp pulse applied to bring the ions near to the detection plates for signal
acquisition.
Precursor (vertical) ion scan Vertical cross section of a 2D mass spectrum, in cor-
respondence of the m/z of a fragment of interest [x = (m/z)fragment] . Ex-
tracting a precursor ion scan generates a mass spectrum of all the precursors
that generated that fragment.
Total (2D) resolving power, RP2D Estimate of the resolving power of an entire 2D
mass spectrum, obtained by multiplication of the vertical and horizontal re-
solving powers, RP2D = RPy ·RPx.
Two-dimensional mass spectrometry, 2D MS Data-independent tandemmass spec-
trometry technique that allows direct correlation between precursor and frag-
ment ions, whose output is a mass spectrum in two dimensions. Until 2017
it was a synonym of 2D FT-ICR MS, but recent developments extended the
technique to other mass spectrometers.
Two-dimensional mass spectrum Two-dimensional contour plot, output of two-dimensional
mass spectrometry, reporting on the y-axis the m/z of the precursor ions and
on the x -axis the m/z of the fragment ions. In 2D FT-ICR MS, the vertical
and horizontal dimension are the results of a Fourier transform respectively
along t1 and t2. In 2D LIT MS the vertical dimension is calculated through
a Fourier transform based on the modulation of the precursor ions, but the
horizontal dimension depends on the mass analyser used for data acquisition.
If an FTMS instrument is used, the obtained 2D mass spectrum still derives
from an FT/FT calculation.
Vertical/horizontal resolving power RPy/x Resolving power along the vertical (RPy
or RPv) or the horizontal dimension (RPx or RPh).
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3. 2D FT-ICR MS of Calmodulin: a
top-down and bottom-up approach
The content of this chapter has been published in the Journal of American Society
of Mass Spectrometry in 2016 [165] and in 2017 [194].
Reproduced with permission from Floris et al. [165, 194]. Copyright 2016-2017
Springer.
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Two-dimensional Fourier transform ion cyclotron resonance mass spectrometry (2D
FT-ICR MS) allows data independent fragmentation of all ions in a sample and
correlation of fragment ions to their precursors through the modulation of precursor
ion cyclotron radii prior to fragmentation. Previous results show that implementation
of 2D FT-ICR MS with IRMPD and ECD has turned this method into a useful
analytical tool. In this work, IRMPD tandem mass spectrometry of Calmodulin
(CaM) has been performed both in one-dimensional and two-dimensional FT-ICR
MS using a top-down (TDP) and bottom-up approach (BUP). 2D IRMPD FT-
ICR MS is used to achieve extensive inter-residue bond cleavage and assignment
for CaM, using its unique features for fragment identification in a less time- and
sample-consuming experiment than doing the same thing using sequential MS/MS
experiments. The study on CaM is then expanded using electron-capture dissociation
(ECD) 2D MS as a single complementary bottom-up experiment in order to enhance
the cleavage coverage of the protein under analysis. By adding the results of the BUP
ECD 2D MS to the IRMPD 2D MS analysis of CaM, the total cleavage coverage
increased from ~40% to ~68%.
3.1. INTRODUCTION
CHAPTER 3. 2D FT-ICR MS OF CALMODULIN: A TOP-DOWN AND
BOTTOM-UP APPROACH
3.1. Introduction
Two-dimensional mass spectrometry is a data-independent tandem mass spectrom-
etry technique that demonstrated its effectiveness in the analysis of small molecules
and bottom-up proteomics studies with macromolecules of increasing size [200, 176].In
this work, 2D IRMPD FT-ICR MS is developed for use in top-down proteomics, in
a comparative study between standard TDP and BUP 1D MS/MS and 2D MS. The
method is used for the structural analysis of Calmodulin (CaM) [201, 202], in both
TDP and BUP tandem mass spectrometry approaches. Calmodulin is a ubiquitous
16k-Da protein able to bind up to four Calcium(II) atoms in the human body for
signalling purposes. CaM has been used as a standard for deamidation [169] and
to investigate the behaviour of anti-cancer drugs at the atomic level [209, 170]. Its
dimensions and relatively simple structure, given the absence of disulphide bonds,
make it the perfect model to perform comparative top-down and bottom-up studies.
Finally, the study is implemented with BUP 2D ECD MS of CaM in order to achieve
a more extensive inter-residue cleavage coverage of the protein by adding a single 2D
MS experiment.
3.2. Experimental section
Materials Bovine calmodulin (CaM), trypsin (TPCK treated from bovine pan-
creas), and ammonium bicarbonate ((NH4)HCO3) were purchased from Sigma Aldrich
(Dorset, UK). HPLC grade methanol and formic acid (HAc), were obtained from
Fisher Scientific (Loughborough, UK). Water was purified by a Millipore Direct-Q
purification system (Merck Millipore, MA, USA).
Sample preparation Salt adducts were removed from Calmodulin through 3 kDa
molecular weight cut-off centrifugal filters (Amicon Ultra 0.5 mL, Merck Millipore
Ltd, Tullagreen, Ireland). CaM was then passed through 0.22 µm centrifugal filters
to remove particulates prior to nano-electrospray ionisation. For the top-down ap-
proach, Calmodulin (7.5 µM) was dissolved in a 75:25 water/methanol (v/v) solution
with 0.3% (v/v) of formic acid. For the Bottom-up approach, Calmodulin (aqueous
solution, 40 µM) was digested with trypsin in ammonium bicarbonate 100 mM at
an enzyme-to-protein ratio of 1:40. A 3kDa centrifugal filter device was used as
a reactor at 37 0C, and the digestion was stopped after 4 hours by isolation from
trypsin through centrifugation of the peptides through the molecular weight cut-off
filter. The tryptic-digest was diluted to an end concentration of ~10 µM using a
75:25 water/methanol (v/v) solution and acidified with 0.3% formic acid (v/v).
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Methods FT-ICR MS was performed on a 12 T Bruker solariX FT-ICR mass spec-
trometer (Bruker Daltonik GmbH, Bremen, Germany) equipped with a custom nano-
electrospray source (nESI). The source used 1.22 mm thin-walled glass capillaries
(World Precision Instruments, Hitching, UK) pulled to obtain tips of ~1 µm in di-
ameter with a flaming/brown micropipette puller (Sutter Instrument Co., Novato,
California, U.S.A.). The flow rate of the capillaries was ~2 µL/hour in aqueous so-
lution at a capillary voltage of 1000 V. Each experiment used 10-20 µL of sample.
Mild in-source dissociation (ISD, 60 V) was used to further remove salt adducts from
the nebulised protein and improve the signal of the protonated analytes. IRMPD
fragmentation was achieved using a continuous wave, 25 W, CO2 laser (Synrad Inc.,
Washington, USA) held at 70% of its power output. IR photons were produced at
a wavelength of 10.6 µm and pulsed into the ICR cell for 0.3 s prior to detection.
ECD was achieved by pulsating electrons from a hollow cathode (1.5 A) for ~0.2 s
at a bias of 10 V. The pulse program used for the 2D MS analysis was optimised
in order to have the highest fragmentation efficiency according to previous studies
[178]. For the TDP 2D FT-ICR MS experiment, 512 scans (increments of t1) of 4M
data points were acquired over a mass range of m/z 883.5-3000 m/z on the vertical
axis and m/z 147.5-3000 m/z on the horizontal axis, total time of acquisition was
~20 minutes. For the BUP 2D IRMPD FT-ICR MS experiment, 4096 scans of 512k
data points were acquired over a mass range of m/z 368.2-3000 m/z on the vertical
axis and m/z 147.5-3000 m/z on the horizontal axis; total time of acquisition was
~50 min. For the BUP 2D ECD MS of CaM, 3072 scans of 512 k 16-bit data points
were acquired over a mass range of m/z 368.2–3000 m/z on the vertical axis and m/z
147.5–3000 m/z on the horizontal axis; total time of acquisition was ~30 min. 2D MS
data were processed with SPIKE [192], using urQRd as a de-noising algorithm [183]
(K = 6 for TDP 2D MS and K = 10 for BUP 2D MS). Data for the 2D MS analysis
were processed using a HP desktop computer (Hewlett Packard, Bracknell, UK), via
a virtual machine that simulated a Ubuntu 64bit operative system, with 8 GB of
dedicated RAM and 4 core processors. One-dimensional IRMPD/FT-ICR MS/MS
and ECD/FT-ICR MS/MS spectra of isolated precursor ions were acquired for com-
parison to the two-dimensional method. All spectra were internally calibrated using
known fragment peaks with a quadratic calibration function, and manually inter-
preted and assigned. For data interpretation of the one-dimensional mass spectra,
Data Analysis v4.1 (Bruker Daltonik GmbH, Bremen, Germany) was used. The
parameters used for the one-dimensional and two-dimensional mass spectrometric
analysis of CaM are provided in the Supporting Information (Table A.8).
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Figure 3.1.: Two-dimensional mass spectrum resulting from the 2D IRMPDMS anal-
ysis of CaM in denaturing conditions. The 2D mass spectrum has been
acquired with 512 scans of 4M data points over a mass range of m/z
883.5-3000 on the vertical axis and m/z 147.5-3000 on the horizontal
axis. Three ion scans, in different dimensions, are highlighted: the au-
tocorrelation line, a precursor ion (vertical) scan, and a fragment ion
(horizontal) scan.
3.3. 2D IRMPD MS: results
Top-down Calmodulin
Figure 3.1 shows the TDP 2D IRMPD spectrum of Calmodulin with highlight of the
autocorrelation line, a precursor ion (vertical) scan , and a fragment ion (horizontal)
scan . The 2D mass spectrum shows a very clear autocorrelation line, representing
the correlation of the precursor ions signal with their own cyclotron radius. Fig-
ure 3.2 shows the extraction of the autocorrelation line (top) in comparison with
a one-dimensional full MS of Calmodulin with the same solution conditions (bot-
tom). CaM shows a wide range of charge states, from 8+ to 17+, as expected under
the denaturating conditions used, and that 2D FT-ICR MS is able to detect and
fragment them. The signal intensity of the autocorrelation line profile cannot be
directly compared with that of the correlating one-dimensional spectrum (Fig. 3.2,
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Figure 3.2.: Autocorrelation line extracted from the 2D mass spectrum of Figure 3.1
(top) in comparison with the 1D full mass spectrum of CaM in denatur-
ing conditions (bottom).
bottom, signal averaged for 100 scans) because in 2D FT-ICR MS intensities are not
only proportional to the abundance of detected ions; they are also dependent on the
change in precursor ion intensity during the fragmentation event. Lower intensity
sodium/calcium adducted peaks are also visible in Fig. 3.2, showing an increase
in intensity of the sodium ion-adducted peaks in the 2D FT-ICR MS compared to
the 1D FT-ICR MS spectrum. As these two spectra were acquired on different
days with different samples, it is important not to over-interpret the variation in
sodium-adducted peak intensities, but it could indicate there is a greater relative
variation (i.e. fragmentation) of salt-adducted peaks compared to the purely pro-
tonated species. Furthermore, because the 2D FT-ICR MS experiment requires a
longer timeframe, it is possible that Na+ leach into solution from the glass capillary,
and that would increase the signal of the sodiated species in solution with time.
Figure 3.3 shows a vertical precursor ion scan for the y3 ion of CaM, revealing the
precursor ions which generate the y3 ion at m/z 319.198. In 2D FT-ICR MS, such a
precursor ion scan is simultaneously detected and available for all fragments. Figure
3.4 shows the fragmentation pattern of the 14+ charge state of CaM. It can be seen
that the spectrum is very dense, but 2D IRMPD/FT-ICR MS is able to isotopically
resolve the fragment ion peaks. The unassigned peaks in spectrum 3.4 may de-
rive from secondary fragments and even “sequence scrambled” ions, as is commonly
observed in CAD and/or IRMPD MS/MS [89]. Horizontal profiles have been ex-
tracted and analysed for each charge state, giving a cleavage coverage of 23% for the
top-down analysis at the specified conditions. Detailed peak assignment tables are
included in the Supporting Information (Table A.1). The dynamic range observed
for the reported single-scan 2D mass spectrum is ~200. Its value in 1D MS is ~1200,
with 200 scans per mass spectrum.
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Figure 3.3.: Precursor ion scan of the ion y3. The generated mass spctrum shows all
the precurors that generated such ion during the fragmentation period
in the ICR-cell.
Bottom-up Calmodulin
Figure 3.5.a shows the two-dimensional IRMPD-FT-ICR MS spectrum of the tryptic
–digest peptide mixture from Calmodulin, with the extraction of the autocorrelation
line (3.5.b), a neutral-loss scan (3.5.c), and a fragment ion (horizontal) scan (3.5.d).
Figure 3.5.b shows the autocorrelation line profile (top) in comparison with the full
one-dimensional (1D) mass spectrum of digested Calmodulin (signal averaged over
100 scans)(bottom). It can be seen from this comparison that 2D FT-ICR MS shows
the same fragments present in the digest with few exceptions. A list of the assigned
peaks is provided in the Supporting Information for the two-dimensional analysis
(Table A.2). Figure 3.5.c shows an example of neutral loss scan, the spectrum shows
all the precursors that during fragmentation lose a neutral molecule whose absence
would cause a decrease in m/z of 9. According to the neutral loss line equation,
y = x + mneutral/z, for doubly charged ions, this loss would correspond to loss of a
water molecule [M-H2O]2+. Figure 3.5.c is therefore showing all the doubly charged
ions in the mixture which lose a water molecule during IRMPD fragmentation. A
neutral-loss line showing water-loss from doubly charger precursors is chosen as an
example the capability of 2D-FT-ICR MS techniques: the same type of profile can be
applied to other neutral losses, for example phosphate groups or glycans, respectively
from phosphopeptides and glycopeptides, and it constitutes information available
readily in 2D FT-ICR MS. Figure 3.5.d shows a fragment ion scan for the ion at m/z
782.380. The horizontal profile (top) is in direct comparison with the corresponding
1D IRMPD FT-ICR MS/MS of the same peptide (bottom). The figures show that
results obtained with 2D IRMPD-FT-ICR MS are generally comparable with the
one-dimensional approach in terms of fragments shown and sequence coverage, but
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Figure 3.4.: Fragment ion scan showing the fragmentation pattern of the 14+ charge
state of CaM. The spectrum is divided in three areas to show all the
possible assignments.
do not generate the same signal intensities for the different ions. The differences in
ion abundances between the shown fragment ion scan and its homologous MS/MS
spectrum derive from the different tuning of the two spectra. Even with the same
tuning conditions, although, characteristics such as misalignment of the IR laser, the
magnetron expansion of the ion cloud and its own expansion due to modulation in
2D MS make that 2D spectra result different in abundances compared to 1D spectra
tuned in a similar way. Furthermore, the parameters for 1D MS are chosen in order
to obtain an optimal fragmentation of a single precursor ion at a time, assuming that
the ions are constantly inside the laser beam before excitation for detection. In 2D
MS, the pulse programme is optimised in a way that the ion packets are modulated
in order to be fragmented selectively with the variation of t1, causing their oscillation
in and out of the laser beam area, and resulting in different fragmentation pattern
intensities. The total sequence coverage of CaM from the detected and fragmented
peptide obtained with the 2D IRMPD FT-ICR MS of tryptic-digested CaM was 22%
(See Supporting Information tables SA.3 to SA.7). The dynamic range observed for
the reported single scan 2D mass spectrum is ~1000. The dynamic range observed
in 1D MS for a 200 scans spectrum is ~300.
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MS Cleavage coverageTDP BUP Total
1D MS/MS 36% 25% 52%
2D MS 23% 22% 40%
Table 3.1.: Cleavage coverages obtained from the 1D IRMPD MS/MS and 2D
IRMPD MS analysis of CaM.
3.4. 2D IRMPD MS: discussion
2D IRMPD/FT-ICR MS spectra of Calmodulin were acquired using a top-down and
a bottom-up approach. The approaches differ greatly with respect to the type and
amount of information they provide, and need to be addressed individually when
finding the optimal conditions for acquiring 1D and 2D FT-ICR mass spectra.
In every mass spectrometric technique, resolution is influenced amongst other factors
by the dataset size during the acquisition. As explained in Chapter 1.10.3, in 2D
FT-ICR MS it is possible to define the resolution for both dimensions, vertical and
horizontal. The horizontal resolution depends on the number of data points used to
acquire t2, while the vertical resolution depends on the number of iterations in t1
(scans). As it can be seen in Figure 1.29, t2 is the length of the transient acquired
after the fragmentation occurs. Thus, t2 is dictated by the number of data points used
for each acquisition and the sampling frequency required, and is easily variable, as
for all FTMS acquisitions. t1, as described before, is the delay between the identical
initial pulses P1 and P2. The starting value of t1 is chosen based on the precursor
ions of interest, and the number of increments is dictated by the vertical resolution
needed to effectively separate those precursors during the subsequent 2D-FT-ICR
MS experiment.
The top-down analysis of CaM showed an initial full MS (Figure 3.2, bottom) pre-
senting peaks of different charge states clearly separated in m/z, with no overlapping
distributions between charge states. Therefore, the vertical resolution needed to be
able to separate two narrow peaks in this case would be relatively low, especially
compared to the bottom-up procedure (below). For this reason only 512 t1 incre-
ments (time steps/data points) were required to ensure the effective separation of
precursors. The contrary applies for the horizontal (MS/MS) scans: after IRMPD
fragmentation, the density of the spectrum (Figure 3.4) increases greatly compared
to the peptide spectra above, requiring a higher horizontal resolution to separate dif-
ferent fragments and provide accurate assignments. In this case, 4M data points were
used for the acquired transient, corresponding to a horizontal resolution of 422,473
at 400 m/z. Generation of very dense spectra is typical of the top-down approach,
which benefits from the resolution and mass accuracy of FT-ICR MS for accurate,
resolved assignment. The mass resolving power was measured using the FWHM re-
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ported to m/z 400. For the top-down 2D mass spectrum of CaM, the results were:
RPy (vertical) of 182 and an RPx (horizontal) of 422473.
In the case of the bottom-up procedure, the tryptic-digest solution presents a complex
mixture of peptides, whose precursor m/z peaks must be resolved in order to be
able to distinguish different precursor peptides and overlapping distributions (Figure
3.5.b). Therefore, a high vertical resolution is required in order to resolve/assign
overlapping peaks. In this case, 4096 data points were used for the acquisition
in the vertical dimension, 8 times the amount of data points used for the same
acquisition in the top-down approach. Since the resolution is proportional to the
number of data points used for the acquisition, and that in the vertical dimension
this value is determined by the number of t1 time steps, the acquisition of the 2D
mass spectrum of digested/complex mixtures generally requires a longer experimental
time compared to a top-down experiment due to increased sample complexity. On
the other hand, fragmentation of peptides does not generate spectra as dense in
peaks as those generated by the fragmentation of entire proteins. As can be seen
in Figure 3.5.c, it is possible to resolve the generated peptide fragment peaks with
a relatively low horizontal resolution (512k 16-bit datapoints). The mass resolving
powers for the bottom-up 2D mass spectrum of CaM were RPy = 58766 and an RPx
= 1191 at m/z 400.
Finally it is possible to define a resolution for the two-dimensional map generated
in 2D FT-ICR MS, which takes account of the vertical and horizontal dimensions.
This composite resolution is the product of the resolution in both dimensions, and is
approximately equal to the theoretical peak capacity of the experiment. According to
this line of reasoning, the 2D mass resolving powers for the previous spectra are the
following: RPy ×RPx = RP2D = 182× 422473 w 77M for the top-down analysis of
CaM and RP2D = 58766× 1191 w 70M for the bottom-up approach, both reported
at m/z 400.
The results obtained with 2D FT-ICR MS for both the top-down and the bottom-
up analysis of Calmodulin are comparable with standard one-dimensional FT-ICR
MS/MS, with a consistent saving in time and sample consumption. For the bottom-
up approach, the 2D FT-ICR MS experiment was remarkably faster than a com-
parative analysis in 1D-MS would be; isolating, fragmenting, and detecting each
individual precursor observed in the one-dimensional spectrum of the tryptic digest
of CaM could require several hours in comparison. One-dimensional top-down and
bottom-up studies on Calmodulin using IRMPD as fragmentation technique were
performed for comparison to the 2D IRMPD FT-ICR MS analysis, showing cleav-
age coverages of the protein up to 36% for the top-down approach, and about 25%
for the bottom-up approach, for a total cleavage coverage of 52% (See Supporting
Information, Fig. A.1). For the 2D FT-ICR MS experiments the total cleavage
coverage obtained with both the approaches reaches ~40%. The resulting cleavage
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coverages for each experiment are reported in Table 3.1. Since precursors have differ-
ent fragmentation efficiencies, the limitation of using a set fragmentation parameter
combination for all charge states is non ideal and could account for the differences
between the 2D FT-ICR MS data and individually optimised 1D data. Similar issues
arise for LC-MS/MS experiments.
The experiments performed in this work constitute the first example of 2D FT-ICR
MS for top-down proteomics, and show that top-down analysis can be performed in
2D MS. In this case, CaM is used as a model for its structure and size, and experi-
ments performed with such a protein constitute the initial step for top-down analysis
of complex mixtures. In fact, although the sample used for this analysis was rela-
tively pure, once the procedure is developed it is possible to apply top-down 2D MS
on non-pure/complex mixture samples. In such samples, depending on the complex-
ity of the mixture, isolating a protein for standard MSn analysis might be difficult
if not impossible without contamination from ions close in m/z. As mentioned, in
traditional MS/MS the quality of the spectra depend on the resolution obtained
with quadrupole isolation of single precursor ions. Narrowing the isolation window
in order to include a single ion (e.g. a single charge state of a protein of interest) in-
creases the isolation resolution required, but working with narrow isolation windows
in a quadrupole (usually less than 5 Da) inevitably brings substantial signal losses
that affect negatively the sensitivity of the final MS/MS spectrum. On the other
hand 2D FT-ICR MS provides the fragmentation patterns of all the ions in the mix-
ture without the necessity of quadrupole isolation, preventing the loss of resolution
in the precursor dimension even in case of complex mixtures, as it is demonstrated
in this thesis for the bottom-up procedure. The resolution in the vertical dimension
is higher than resolution typically obtainable with quadruple isolation, and in 2D
FT-ICR MS, the vertical resolution is primarily limited by the number of t1 steps
(vertical scans) acquired, and by the computational capacity available.
2D FT-ICR MS presents particular computational challenges. 2D IRMPD FT-ICR
MS of CaM resulted in files of 23.5 GB for both the approaches, a challenging file size
for processing and denoising with standard desktop computers like the one used for
this work. 2D NMR, by comparison, usually works with files 103 times smaller [171].
The choice of denoising rank is roughly proportional to the number of precursors
in the spectrum, and the lower the rank the more the spectrum is denoised [183].
Denoising a mass spectrum highly increases the data processing time (from about 4
hours to ~12 h for the showed 2D spectra in the described work station system), but
it is essential for effective visualisation and interpretation. 2D FT-ICR MS develop-
ment has been hindered until recently due to limited computational capabilities, and
computer technology still represents a significant limitation for the technique, but
one that is changing rapidly. The current computational approach to processing this
data involves parallelizing the 2DFT, denoising, and visualization code and porting
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the data and code up to parallel computing clusters, which will greatly alleviate the
current computational bottleneck.
3.5. 2D ECD MS: results and discussion
The results of the ECD 2D MS analysis of tryptic-digested calmodulin are shown in
Figure 3.6. Figure 3.6.a shows the resulting two-dimensional mass spectrum, with
the extraction of the autocorrelation line (3.6.b) and a horizontal fragment ion scan
(3.6.c).
The ECD 2D mass spectrum in Figure 3.6.a shows a clear autocorrelation line,
and different horizontal lines of signal corresponding to the fragmentation of each
precursor. Vertical “noise streaks” are also clearly visible, representing the residual
scintillation noise, together with curved lines departing from the bottom left part of
the spectrum, constituting harmonic signals. The characteristics of the spectrum are
reported in Table 3.2. The vertical resolving power (RPy), the horizontal resolving
power (RPx), and the resulting total resolving power (RP2D) are reported at m/z
400.
RPy RPx RP2D urQRd rank Tacq [min]
1k 60k 60M 10 ~30
Table 3.2.: Characteristics of the ECD 2D mass spectrum of tryptic-digested CaM
in denaturing conditions.
The autocorrelation line is extracted in Figure 3.6.b. It shows all the species present
in the mixture under analysis, derived from the digestion of CaM with trypsin. A
total of 19 peaks could be correctly assigned to peptides generated by the tryptic
digestion, based on their m/z with an average mass accuracy of 0.71±2.86 ppm
(mean ± standard deviation, SD). The peaks on the spectrum are present with a
range of charges between 2+ and 5+, over a single-scan dynamic range of ~190. The
complete peak assignment for the autocorrelation line of Figure 3.6.b is provided in
the Supporting Information (Table A.10).
For each precursor, a horizontal ion scan has been extracted, generating a mass
spectrum showing the fragmentation pattern of the chosen species. An example is re-
ported in Figure 3.6.c for the ion atm/z 782.3805, corresponding to ADQLTEEQIAEFK2+,
a peptide generated through cleavage by trypsin between the acetylated N-terminal
alanine (Ala or A) of the protein and the lysine (Lys or K) in position 13. The same
peptide is labelled on the autocorrelation line as [1-13]2+. The fragment ion scan in
Figure 3.6.c shows the fragmentation pattern of the peptide, exhibiting a range of c/z
ions deriving from both the main fragmentation pathways of ECD (generating both
z•/z’ and c•/c’ ions), and a minor fragmentation pathway leading to y ions. Peaks
134
3.5. 2D ECD MS: RESULTS AND DISCUSSION
CHAPTER 3. 2D FT-ICR MS OF CALMODULIN: A TOP-DOWN AND
BOTTOM-UP APPROACH
corresponding to experimental noise are marked with a * symbol. The spectrum
shows cleavages for all the bonds in the peptide. The cleavage coverage is reported
on the top right of the figure. The known ECD-fragments for this horizontal mass
spectrum have been used to calibrate the entire 2D mass spectrum in the horizontal
dimension.
The horizontal scans extracted for each precursor have been analysed, reporting in
total 69/148 cleavages for the entire protein, for a resulting cleavage coverage of
~47%. The complete peak assignment for all the fragment ion scans extracted from
the ECD 2D mass spectrum of tryptic-digested CaM are provided in the Supporting
Information (Tables A.11 to A.17).
As explained above, in 2D MS, analysis of the autocorrelation line constitutes the first
means of exploration of the sample, since it constitutes the equivalent in information
of a full mass spectrum of the entire mixture. By extracting the autocorrelation line,
it is in fact possible to obtain information of what constitutes the mixture before
the simultaneous fragmentation of the precursors. In this case, the extraction of
the autocorrelation line showed a range of peptides generated by the tryptic digest
of calmodulin. In 2D MS, the amplitude of precursor peaks on the autocorrelation
line depends both on precursor ion abundance and the decrease of precursor ion
abundance caused by fragmentation [178]. In ECD, the efficiency of electron capture
increases with the precursor’s charge state [210]. As a result, the ion intensities on
the autocorrelation line of the 2D ECD mass spectrum are magnified for precursor
ions with high charge states compared to a direct infusion mass spectrum. Intensities
on the autocorrelation line of the 2D IRMPD mass spectrum of the tryptic digest of
calmodulin cannot be correlated to the intensities on the autocorrelation line of the
2D ECD mass spectrum, since the two fragmentation methods have very different
mechanisms [176]. The peptides assigned to the autocorrelation line cover almost all
of the protein, with a gap between amino acids in positions 31 to 34 (Table A.10 in
the Supporting Information).
The initial information gathered with the analysis of the autocorrelation line is im-
proved by analysing the different ion scans (vertical, horizontal, or neutral-loss lines)
for each precursor or fragment in the mixture. Although looking at the spectrum
of Figure 3.6.a might seem difficult at a first glance, due to the different signals
deriving from the scintillation noise and harmonic curved lines, zooming on the two-
dimensional contour plot shows clear horizontal lines of signal corresponding to the
fragmentation patterns of the precursors. An example is reported in Figure 3.7,
showing an expansion of the ECD 2D mass spectrum. Isotopic distributions of dif-
ferent ECD-fragments with different charges can be observed, deriving from a 2+, a
3+ and a 4+ precursor. Such isotopic patterns result more elongated in the vertical
dimension because of the difference in resolution between the two dimensions. In
this work, 3072 scans were enough to obtain a resolution for which the precursor
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ion peaks could be separated, while the number of 16-bit data points used for the
acquisition in the horizontal dimension was 512k. 512k data points is generally much
lower than the number of data points used routinely in FT-ICR MS in order to ob-
tain the best resolving powers in the mass spectrometry field, but it is still ~170
times higher than the number of data points used in the vertical dimension. 2D
MS experiments generate files that contain all the MS/MS information in a single
spectrum; files generally 103 times bigger than the average 2D NMR spectrum, to
make a comparison with a similar technique. In this work, the horizontal resolution
is kept “low” (although giving a horizontal resolving power <104) in order to gen-
erate a file which is easily manageable by a desktop computer. Furthermore, the
vertical resolution is kept to a minimum in order to speed up the overall experiment,
obtaining the necessary resolving power to separate all the precursors in the vertical
dimension (shown in the autocorrelation line) with an experimental time of about
30 min.
The line labelled as [1-13]2+ in Figure 3.7 is a section of the fragment ion scan
of Figure 3.6.c as seen from the two-dimensional mass spectrum. Analysis of the
horizontal ion scans of the fragmenting analytes improved the exploration of the
coverage obtained with IRMPD 2D MS studies on calmodulin. The use of differ-
ent fragmentation techniques is known to bring complementary information to the
structural analysis of proteins, above all when the techniques generate different kinds
of fragment ions, such as IRMPD and ECD. The 2D ECD mass spectrum and the
2D IRMPD mass spectrum of the tryptic digest of calmodulin yielded good cleavage
coverage for different tryptic peptides, thus resulting in a high cleavage coverage.
As a result, combining 2D ECD and 2D IRMPD analysis can be a powerful tool
for bottom-up proteomics and can be used to good advantage in order to locate
and identify post-translational modifications or point mutations. In fact, although
similarities can be observed in the cleaved bonds for the two techniques, the 2D MS
experiment performed with ECD enhances the cleavage coverage of the whole protein
by fragmenting extensively ions that showed only multiple water losses with IRMPD
2D MS. However, as for the IRMPD study, not all the precursors showed significant
fragmentation, because using a set fragmentation parameter combination is not ideal
for all charge states.
Finally, Figure 3.7 (bottom) shows the cleavage coverage map of CaM obtained with
IRMPD (orange) and ECD (green) 2D MS. By summing the information obtained
with BUP 2D ECD MS and the bottom-up and top-down 2D MS analysis of calmod-
ulin, the cleavage coverage of the protein has risen to ~68%.
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3.6. Conclusions for Chapter 3
2D IRMPD/FT-ICR MS has been used for the top-down and bottom-up analysis
of Calmodulin, and fragmentation patterns of CaM have been obtained with both
approaches. The results obtained are comparable with one-dimensional FT-ICR
MS/MS and the overall procedure is lower time- and sample-consuming than tradi-
tional tandem mass spectrometry. In 2D MS more information is available at once
through the observation of the neutral-loss lines and the vertical ion scans. The
IRMPD 2D MS analysis of CaM resulted in a ~40% cleavage coverage of the protein
under analysis. The cleavage coverage of CaM has been improved of more than 20%
by performing a single additional 30-min BUP ECD 2D experiment, for a total of
68%.
In conclusion, 2D FT-ICRMS can be used for the identification of proteins in complex
mixtures, although the technique could be improved for top-down analysis. The
biggest limitation is currently represented by computational capacities.
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Figure 3.6.: Bottom-up ECD 2D MS analysis of calmodulin. (a) ECD 2D mass spec-
trum of tryptic digested CaM, with highlight on the autocorrelation
line and a precursor ion scan. The vertical lines represent the residual
scintillation noise, heavily reduced by urQRd. (b) Extraction of the au-
tocorrelation line, with the assigned tryptic peptides. (c) Fragment ion
scan of the peptide with m/z 782.3805, with its sequence and relative
cleavage coverage.
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Figure 3.7.: Deep interpretation of a 2D mass spectrum. A zoom is reported (top),
showing the horizontal lines of signals due to the fragmentation patterns
of different peptides. (bottom) Cleavage coverage of CaM following 2D
MS analysis. The total cleavage coverage reaches about 68%. The cleav-
ages obtained with 2D ECD MS are reported in green (69/148 cleavages,
~47%). The cleavages in orange derive from the 2D IRMPD MS study
of CaM (~40%).
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sequencing of proteins
The contents of this chapter have been submitted for publication in Analytical Chem-
istry (method development on Ubiquitin) [190] and the Journal of American Society
of Mass Spectrometry (application of MS/2D MS to Calmodulin) [191].
Reproduced with permission from Analytical Chemistry, submitted for publication.
Unpublished work copyright 2018 American Chemical Society.
Reproduced with permission from the Journal of American Society of Mass Spec-
trometry, submitted for publication. Unpublished work copyright 2018 Springer.
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Two-dimensional Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
(2D FT-ICR MS or 2D MS) allows data independent fragmentation of all ions in a
sample and correlation of fragment ions to their precursors through the modulation
of precursor ion cyclotron radii prior to fragmentation. Developments in computer
capabilities and implementations in FTMS over of the last decade have allowed 2D
FT-ICR MS to become a useful analytical tool for the examination of macromolecules
in bottom-up proteomics, and more recently in top-down protein analysis. In this
work, a new method of top-down protein analysis is developed using two-dimensional
mass spectrometry, called MS/2D FT-ICR MS or MS/2D MS. MS/2D MS is an
experiment equivalent to MS3 in which quadrupole ion selection is used to select a
precursor charge state for a protein; the ions are then fragmented using CAD in the
hexapole collision cell, and subsequently 2D MS is used to fragment all precursor ions
using IRMPD and ECD in the ICR cell. MS/2D MS is used in this work to achieve
extensive inter-residue bond cleavage and assignment for ubiquitin and calmodulin,
noting several unique features for fragment identification.
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Significance
The complexity of protein forms determined the rise of Proteomics as a field of study
above Genomics, and technologies such as mass spectrometry (MS) offer a leading
platform for characterisation of such macromolecules. Studying proteins through MS
departing from their entirety (Top-Down Proteomics, TDP), rather than from smaller
peptides obtained through their enzymatic digestion (Bottom-Up Proteomics, BUP),
offers the highest amount of structural information, but constitutes a more challeng-
ing experiment often leading to a low sequence coverage of the protein in analysis.
In this work, a new method for TDP is developed using two-dimensional mass spec-
trometry, called MS/2D MS. MS/2D MS aims at achieving extensive sequencing
of proteins in TDP, delivering highest possible amount of information in a single
experiment.
4.1. Introduction
The increasing interest in the discovery of the various proteoforms that lead to di-
vergent protein functionalities in different biological systems raised the importance
of a more detailed characterisation of the macromolecules that constitute the study
of proteomics [211, 212]. Although the complexity of proteoforms has been showed
with different techniques [213], technologies such as mass spectrometry are able to
achieve protein characterisation at a sequence level, highlighting the differences due
to post-translational modifications (PTM’s) [41]. Amongst the mass spectrometry
techniques, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) has proven to be an essential analytical platform for proteomics, offering the
highest resolving power and mass accuracy for the determination of the mass-to-
charge ratios (m/z ) of both intact and digested molecules [3, 6]. MS methodologies
offer in fact two main approaches for the analysis of proteins, called respectively
“top-down” and “bottom-up” [214, 82].
As explained in Chapter 1.6, the top-down approach offers the most copious data
for the identification of a protein, whose important characteristics such as struc-
tural information, site-specific mutations, and PTM’s are not affected by the ex-
treme sample-preparation conditions to which the analytes are subjected within the
bottom-up approach. However, the more complex data generated and technical lim-
itations currently limit this method’s execution.
FT-ICR MS alleviates technical limitations tied to the high resolving power re-
quired for unambiguous characterisation of small mass shifts due to PTM’s such
as deamidation (∆m ≈ 1 Da on a 15-kDa protein) and to resolve overlapping frag-
ment peaks, and offers a high mass accuracy for high-confidence analysis of MS/MS
spectra [215, 6, 214, 162]. Furthermore, with its two-dimensional development, 2D
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FT-ICR MS or more simply 2D MS, it has been able to face the challenges imposed
to every tandem mass spectrometry technique by isolation of precursor ions before
the mass analyser. As mentioned, in fact, to obtain the highest amount of structural
information, proteins need to be fragmented through tandem mass spectrometry.
Tandem MS goes often beyond the MS/MS strategy, involving the further fragmen-
tation of already generated fragments (MSn). In order to generate interpretable
tandem mass spectra, the activation stage necessitates a high quality isolation of the
precursor. This circumstance is due to the impossibility to determine the origin of
the fragments if in the spectrum there is more than one precursor, and, depending
on the complexity of the mixture, it is not always possible to achieve. In a top-down
MS/MS analysis with relatively pure samples, such isolations are relatively easy, but
they turn into a problem for further analysis by MS/MS/MS or MS3, due to the
complexity of the generated primary fragmentations. Furthermore, it stands to rea-
son that isolating every single peak in the MS/MS spectrum to generate a series of
MS/MS/MS spectra can be sample- and time-consuming. Two-dimensional FT-ICR
MS removes the need for isolations in MS/MS analysis as a result of its ability to
correlate precursor and fragment ions based on the modulation of their fragmenta-
tion in the ICR-cell [172, 216, 217, 218]. In 2D MS the fragmentation patterns of all
the molecules in a mixture are obtained in a single experiment.
Principles of 2D MS have been explained in previous studies and can be found in
Chapter 1.10.
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Figure 4.1.: Workflow of MS/2D MS with representative spectra from the different
steps of the procedure. Proteins are protonated in the ionisation source,
generating a protein charge-state distribution like the one in insert (a).
A charge state of interest is then isolated in the quadrupole (b) and
fragmented with CAD in the hexapole collision cell, generating primary
fragment ions shown in (c). The generated CAD-fragments are finally
sent to the ICR-cell for two-dimensional MS analysis. (d) The auto-
correlation line (blue) shows the correlation of the precursor ion signals
with their own cyclotron radius. Horizontal fragment ion spectra (green)
show the fragmentation patterns of each precursor ion. Vertical precur-
sor ion spectra (magenta) show the precursor ions of each fragment ion.
Neutral-loss lines (purple) show the loss of neutrals by precursor ions.
Since 2D FT-ICRMS demonstrated the ability to decrease sample and time-consumption
carrying sometimes more information than MS/MS proteomics studies [176, 165], it
is here used to develop an MS/MS/MS-equivalent method for top-down detailed
characterisation of proteins. The developed method is called MS/2D MS and com-
bines the high-resolution 1D MS/MS fragmentation of FT-ICR MS with the ability
to further characterise all the generated primary fragments at once using 2D FT-ICR
MS. Figure 4.1 shows the workflow of an MS/2D MS experiment, with a represen-
tative mass spectrum for each step of the process (inserts a to d). In MS/2D MS,
a charge state of interest of the protein under analysis (a) is firstly selected using
quadrupolar isolation (b). The isolated ion species is then fragmented by accelera-
tion into the collision cell using CAD (c), and the generated CAD-fragments are sent
into the ICR-cell for two-dimensional mass spectrometry analysis using IRMPD or
ECD as fragmentation techniques. A two-dimensional mass spectrum is generated
(d), containing all the IRMPD/ECD fragmentation patterns of the CAD-fragments,
constituting information equivalent to MS3 experiments of each and every primary
CAD-fragment ions. 2D MS is performed without any sort of in-cell isolation, and
all the CAD-fragments’ further activation with IRMPD or ECD is modulated as per
principles of 2D FT-ICR MS. Other tandem mass spectrometry steps can be added
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to the technique, as long as it is possible to further isolate and fragment an ion
before it enters the ICR-cell. For example, for a relatively pure protein, in-source
dissociation (ISD) could be used to dissociate all the charge states of the protein
in analysis, followed by isolation, CAD MS/MS, and 2D FT-ICR MS, for a pseudo
MS/MS/2D MS experiment.
MS/2D MS is here performed on modest size proteins such as Ubiquitin and Calmod-
ulin. Ubiquitin (Ubi) is a relatively small protein (76 amino acids, 8.6 kDa) that
has been extensively studied with FT-ICR MS using many different fragmentation
techniques [142, 93, 219, 155]. It is often used as a model for proteomics because
of its composition and the considerable knowledge about its behaviour in the gas
phase as a multiply charged ion [220, 56, 221]. Calmodulin is a ubiquitous protein
able of modulating several signalling processes in the human body by binding to up
to four Calcium(II) atoms [201, 202]. As mentioned in the previous chapter, CaM
has been used as a standard for deamidation [169] and to investigate the binding of
anti-cancer drugs to proteins [209, 170]. Its dimensions (149 residues, 16.8 kDa) and
relatively simple structure, given the absence of disulphide bonds, make it another
good model for top-down proteomics [165].
This work represents an expansion on the multidimensional study of calmodulin
started with the works reported in Chapter 3, with the goal of improving the struc-
tural characterisation of the macromolecule by using the unique features of two-
dimensional mass spectrometry.
4.2. Experimental section
Materials. Calmodulin from bovine testes, ubiquitin from bovine erythrocytes,
were purchased from Sigma-Aldrich (Dorset, UK). HPLC grade methanol and formic
acid (HAc), were obtained from Fisher Scientific (Loughborough, UK). Water was
purified by a Millipore Direct-Q purification system (Millipore, Nottingham, UK).
Sample preparation. Aqueous stock solutions of Calmodulin and Ubiquitin were
prepared. Salt adducts were removed from each protein’s aqueous solution through
repeated centrifugation with 3 kDa molecular weight cut-off centrifugal filters (Am-
icon Ultra 0.5 mL, Merck Millipore Ltd, Tullagreen, Ireland) in a technico maxi
microcentrifuge (Fisher Scientific, Loughborough, Leicestershire, UK), at 14000 rpm
for 30 min. Aqueous solutions of CaM, and Ubi were then passed through 0.22 µm
centrifugal filters to remove particulates prior to electrospray ionisation. Calmodulin
(0.4 µM) was dissolved in a 75:25 water/methanol (v/v) solution with 0.3% (v/v) of
formic acid. Ubiquitin (0.25 µM) was dissolved in a 50:50 water/acetonitrile (v/v)
solution with 0.3% (v/v) of formic acid.
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Instrumentation. FT-ICR MS was performed on a 12 T Bruker solariX FT-
ICR mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Samples were
ionised using an electrospray ionisation (ESI) source at flow rates of 60-80 µL/h.
When necessary, ions were accelerated in the source in order to remove eventual
salt adducts – this is mainly the case of Calmodulin (see Table B.36 in Supporting
information for the energy value used for this in-source dissociation), then they were
transferred through two octopoles to a quadrupole, in which accumulation occurred.
CAD was performed by accelerating the ions from the quadrupole to a hexapole
collision cell with argon gas, then transferring the ions through a transfer hexapole
(1.0-1.2 ms flight time) to an Infinity Cell [18], for mass analysis and detection.
Control one-dimensional mass spectra acquisition. One-dimensional MS spectra
were acquired as controls for each sample, generating full (MS) and tandem (MS/MS
and MS/MS/MS) mass spectra. The control spectra were acquired using 4M data-
points (16 bits) for a transient length of 1.6777 s, over a mass range of m/z 147.5-
3000. MS control spectra were accumulated for 8 scans. MS/MS (or MS2) control
spectra were acquired isolating a specific charge state of the protein in analysis and
fragmenting it through CAD. MS/MS spectra were acquired accumulating for 64
scans. Tandem MS/MS/MS (or MS3) control spectra were generated using CAD
as first fragmentation technique, followed by transfer of the generated fragments
into the ICR-cell. In the cell, specific CAD-fragments were isolated using the Multi-
CHEF capability of the SolariX system. This in-cell isolation was performed for each
spectrum selecting a parent ion with isolation power at 69%, the range of ejection
between m/z 100 and 3000, a notch width of 4.0 s, and 0.158465 seconds-long shots
at 5.0% of their power. The isolated fragments were then subjected to IRMPD or
ECD to achieve further fragmentation. MS3 spectra were acquired accumulating for
128 scans. IRMPD fragmentation was achieved using a continuous wave, 25 W, CO2
laser (Synrad Inc., Washington, USA) held at 70% of its power output. IR photons
were produced at a wavelength of 10.6 µm and pulsed into the ICR cell for 0.3-0.5
s prior to detection. ECD was performed generating electrons from a heated hollow
cathode (1.5 A) and pulsating them at 10 V into the ICR-cell for 0.2 s prior to
detection (ECD bias 1.5-2.0 V). See supporting information for conditions particular
to each control spectrum (Tables B.32 and B.36).
Two-dimensional mass spectra acquisition. MS/2D MS spectra were acquired
for each sample by isolation of a specific charge state of the protein in analysis, frag-
mentation of such ion using hexapole-based CAD, and transfer of the generated frag-
ments to the ICR-cell for further fragmentation and analysis through two-dimensional
mass spectrometry. For each sample, CAD fragments were generated isolating the
ion of interest in the instrument’s quadrupole with an isolation window of 20 m/z.
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The ions of interest were respectively m/z 714.308671 (MH1212+) for Ubi, and m/z
1199.568090 (MH1414+) for CaM. Isolated ions were then accelerated at 12-16 V into
Argon gas present in the hexapole-based collision cell, accumulated for 1.0-2.0 s,
and sent into the ICR-cell. Two-dimensional mass spectrometry was performed on
the generated CAD-fragments using IRMPD and ECD as fragmentation techniques,
modulating their fragmentation according to the scheme in Figure S1 in the Support-
ing Information. P1 and P2, as per principles of 2D FT-ICR MS, are two identical
pulses. They were held at 15% of excitation power (70 Vpp amplitude), and their
pulse length was optimised according to previous studies [178]. For the experiment
with IRMPD, P1 and P2 were set at a length of 0.4 µs. For the ECD experiment,
their pulse length was set at 4.0 µs. The incremental time t1 was set at an initial
delay depending on the frequency correspondent to the lowest m/z analysed in the
vertical dimension, and it was incremented by the same amount at each reiteration
of the pulse programme. For Ubiquitin, for example, the initial delay t1 was 1.0 µs,
incremented 2048 times by 1.0 µs. For the CAD/IRMPD MS/2DMS analysis of Ubi,
2048 scans (increments of t1) of 512k data points were acquired over a mass range of
m/z 368.2-3000 on the vertical axis and m/z 147.5-3000 on the horizontal axis, the
total time of acquisition was ~80 minutes. For the CAD/ECD MS/2DMS analysis of
Ubi, 2048 scans of 512k data-points (16 bits) were acquired over a mass range of m/z
368.2-3000 on the vertical axis and m/z 147.5-3000 on the horizontal axis; total time
of acquisition was ~80 min. For the CAD/IRMPD MS/2DMS analysis of CaM, 2048
scans of 512k data-points were acquired over a mass range of m/z 368.2-3000 on the
vertical axis and m/z 147.5-3000 on the horizontal axis, the total time of acquisition
was ~80 minutes. For the CAD/ECD MS/2DMS analysis of CaM, 1024 scans of 2M
data points were acquired over a mass range of m/z 368.2-3000 on the vertical axis
and m/z 147.5-3000 on the horizontal axis; total time of acquisition was ~80 min.
Data processing and analysis. The one-dimensional control spectra were exter-
nally calibrated with the solariX control software (Bruker Daltonics, Billerica, MA,
USA) using Agilent ESI-L Low Concentration Tuning Mix (Agilent Technologies,
Stockport, UK), then internally calibrated using theoretical m/z of known fragment
peaks with a quadratic calibration function in the Bruker Data Analysis v4.1 software
(Bruker Daltonics GmbH, Bremen, Germany).
The 2D mass spectra were processed using SPIKE [192] and the urQRd algorithm
for denoising [183]. For the generated spectra, denoising ranks between 20 and 30
were used. The spectra were externally calibrated in the vertical and horizontal
dimensions using the same parameters set for the respective one-dimensional control
spectra. Internal calibration was performed in the vertical dimension through the
extraction of the autocorrelation line and the use of theoretical mass-to-charges of
known CAD-fragments, and in the horizontal dimension using theoretical m/z of
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known IRMPD or ECD fragments. One-dimensional and two-dimensional spectra
were manually interpreted and assigned. The full list of parameters used for the two-
dimensional mass spectrometric analysis of Ubi and CaM and their one-dimensional
homologous control spectra are provided in the Supporting Information (Tables B.32
and B.36).
4.3. Results
4.3.1. Ubiquitin
Figure 4.1.a shows the full ESI/FT-ICR mass spectrum of ubiquitin (Ubi) in dena-
turing conditions acquired as control. The spectrum was acquired in 4M data-points
(16 bit) for a transient of 1.6777 s, and externally calibrated before acquisition with
standard mixture. The derived magnitude mode resolving power is ~340000 at m/z
400. Figure 4.1.a shows the range of charge states reached by Ubi in denaturing
conditions: the charge state corresponding to m/z 714.3087 (MH1212+), chosen for
the high relative abundance and number of charges, was isolated and accumulated
(Figure 4.1.b) for subsequent fragmentation with CAD, generating the spectrum in
Figure 4.1.c, elucidated below.
4.3.1.1. CAD MS/MS and CAD/(IRMPD/ECD) MS3 of ubiquitin
Figure 4.1.c shows the 1D CAD tandem mass spectrum of ubiquitin acquired for
comparison with the MS/2D MS analysis. The spectrum was acquired in 4M data-
points (16 bit) for a transient of 1.6777 s, and calibrated internally using theoretical
m/z of known CAD fragments. The resulting resolving power is ~440000 at m/z
400. Typical CAD fragments could be assigned with a high average Mass Measure-
ment Accuracy of 0.19±1.53 ppm (MMA±SD). The vast majority of the assigned
fragments consisted in b/y ions, but also some internal fragments could be recog-
nised. All the successfully assigned peaks for the CAD MS/MS spectrum of Ubi are
listed in Table B.1 in the Supporting Information. The resulting cleavage coverage
is ~33.4%.
As a control for the MS/2D MS analysis, a CAD fragment ion, y589+ (m/z 726.2838),
was isolated in the ICR-cell, and further fragmented with IRMPD and ECD. The
resulting MS/MS/MS spectra were acquired in 4M data-points (16 bit) for a transient
of 1.6777 s, and calibrated internally using theoretical m/z of the expected known
IRMPD or ECD fragments. The reached resolving power for the spectra is ~390000,
reported at m/z 400. All the present fragments could be assigned with a high MMA
of 0.08±0.21 ppm for the CAD/IRMPDMS3 spectrum, and of 1.42±1.39 ppm for the
CAD/ECD MS3 spectrum. The correctly assigned fragments are listed in Table B.2
148
4.3. RESULTS
CHAPTER 4. USE OF 2D MS FOR TOP-DOWN DEEP SEQUENCING OF
PROTEINS
for the CAD/IRMPD spectrum and in Table B.3 for the CAD/ECD MS3 spectrum
in the Supporting Information. The CAD/IRMPD and CAD/ECD MS3 spectra of
Ubi in denaturing condition with labelled assigned peaks and the respective cleavage
coverage maps are shown in Figure 4.2.
4.3.1.2. CAD/IRMPD MS/2D MS of ubiquitin
Figure 4.3 shows the two-dimensional mass spectrum resulting from the CAD/IRMPD
MS/2D MS analysis of ubiquitin in denaturing conditions (a), with the extraction of
the autocorrelation line (b) and a fragment mass spectrum (c). The 2D mass spec-
trum of Figure 4.3.a was acquired with 2k data-points (2048 iterations in t1, scans)
in the vertical dimension and 512k data-points (16 bit) in the horizontal dimension.
The vertical resolving power, RPv is ~600, reported at m/z 400. The horizontal
resolving power RPh is ~170000 at m/z 400. The total resolving power of the mass
spectrum is RP2D ≈ 100 M, reported at the same m/z. Signals were calibrated before
the acquisition using an external calibration with a standard mixture and a quadratic
calibration. The mass spectrum shows a clear autocorrelation line and several other
peaks, resulting from the fragmentation of the precursor ions with IRMPD. Some
other lines of signal represent harmonics, or noise frequencies captured during the
acquisition phase. The elimination of the scintillation noise [180] using of the urQRd
algorithm in the processing of the two-dimensional mass spectrum allows a clear
visualisation and interpretation.
The autocorrelation line is extracted and shown in Figure 4.3.b. As expected, the
extraction of the autocorrelation line generated a mass spectrum of the precursors, in
this case representing the primary fragments generated by activation in the hexapole
collision cell with CAD. The autocorrelation line thus shows typical b/y ions, some
a ions, and some internal ions generated by such fragmentation technique, as well as
several neutral losses (water or ammonia). The spectrum is very dense, as expected
for top-down MS/MS spectra, but the resolution reached with the MS/2D MS ex-
periment is enough to isotopically resolve the fragment ion peaks, and allow manual
assignment. The autocorrelation line was calibrated with theoretical mass-to-charge
ratios of known CAD fragments, and the peaks could be assigned with an average
mass accuracy of 0.39±3.85 ppm. In Figure 4.3.b, the percentage of b/y ions, internal
ions, neutral losses assigned, and unknown ions found is reported for the autocorrela-
tion line. It is hypothesised that unassigned ions occur from secondary fragmentation
or even from “sequence scrambled” ions, as common for CAD or IRMPD MS/MS
techniques [89]. The cleavage coverage equivalent to the top-down MS/MS analysis
of Ubi can be determined by calculating the cleavage coverage of the autocorrelation
line. The resulting cleavage coverage, counting the cleavages assigned to internal
ions, is ~45.3%. Cleavages corresponding to the reported cleavage coverage are rep-
resented in blue on the cleavage coverage map in Figure 4.4.d. A list of the complete
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peak assignments is available in Table B.4 in the Supporting Information. The dy-
namic range observed for the autocorrelation line is ~3300.
Figure 4.3.c shows the extraction of a fragment ion scan, corresponding to the frag-
mentation pattern of the ion y589+, m/z 726.2838. The generated mass spectrum
shows all the fragments of the ion y589+ generated by IRMPD inside the ICR-cell,
and shows b/y ions, internal ions, and neutral losses of water and ammonia typical of
infrared multiphoton dissociation. The horizontal spectrum was internally calibrated
using the theoretical m/z of the known fragments, and the same calibration has been
used for the entire two-dimensional mass spectrum for the assignments of the other
extracted horizontal lines. The assigned peaks are labelled in Figure 4.3.c, and the
cleavage coverage is reported and equal to ~40.3% for the fragmented ion. Horizon-
tal fragment ion scans were extracted for all the successfully assigned precursors,
giving a cleavage coverage of ~62% for the CAD/IRMPD MS/2D MS experiment of
ubiquitin at the specified conditions. A cleavage coverage map for the experiment is
reported in Figure 4.4.d. A complete list of the precursors that reported significant
fragmentation is included in the Supporting Information, along with the complete
peak assignments for their fragmentation patterns (Tables B.5 to B.14).
Figure 4.3.d shows an example of a mass spectrum generated by the extraction of
a vertical precursor ion scan. Precursor ion scans are embedded in 2D MS data
and allow simultaneous detection of all the precursor ions of a selected fragment in
order to better understand the involved fragmentation mechanisms. In this case, all
the precursor ions that generate the ion y244+ are shown and labelled in the mass
spectrum indicating that all these precursor ions must be C-terminal ions higher than
y24. Precursor ions were assigned through cross-correlation with the autocorrelation
line. The y ions assigned through the extraction of the vertical ion scan are labelled
in Figure 4.3.b with magenta pentagons.
4.3.1.3. CAD/ECD MS/2D MS of ubiquitin
Figure 4.4 shows the two-dimensional mass spectrum resulting from the CAD/ECD
MS/2D MS analysis of ubiquitin in denaturing conditions (a), with the extraction
of the autocorrelation line (b) and a fragment mass spectrum (c). The 2D mass
spectrum of Figure 4.4.a was acquired with 2k data-points in the vertical dimension
and 1M data-points (16 bit) in the horizontal dimension. The vertical resolving
power, RPv is ~600, reported at m/z 400. The horizontal resolving power RPh is
~190000 at m/z 400. The total resolving power of the mass spectrum is RP2D ≈
105 M, reported at the same m/z. As for the CAD/IRMPD MS/2D MS experiment,
signal acquisition was calibrated externally using a standard mixture and a quadratic
calibration. The mass spectrum shows a clear autocorrelation line and several other
peaks, in this case resulting from the fragmentation of the precursor ions with ECD.
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An electron-capture line can be highlighted on the spectrum, showing the signals
of all the precursors that captured an electron during the activation period in the
ICR-cell without undergoing subsequent fragmentation. All the peaks in the electron-
capture line correspond to radical cation charge-reduced precursors. Other lines of
signal representing harmonics or phantom frequencies captured during the acquisition
phase can also be observed. In this case, although minimised through the use of the
urQRd denoising, some vertical lines corresponding to residual scintillation noise can
be observed, but their recognition does not hinder spectral assignment of real peaks.
The autocorrelation line was again extracted, and it is showed in Figure 4.4.b. As
expected, the autocorrelation line shows typical fragments generated by collisionally-
activated dissociation: b/y ions, some a ions, internal ions, and several neutral losses
of water or ammonia. Although acquired in the exact same conditions of ionisation,
ion transfer, and collisional energy, direct comparison between the autocorrelation
lines extracted for the CAD/IRMPD (Figure 4.3.b) and the CAD/ECD MS/2D MS
experiments (Figure 4.4.b) show visual differences in assigned ions and their signal
intensity. In 2D FT-ICR MS, in fact, signal intensities of peaks on the autocorre-
lation line are dependent not only by the relative ion abundance, but also by the
variation of intensity of the precursor during the fragmentation period. The spec-
trum in Figure 4.4.b is again very dense as expected for top-down MS/MS spectra,
but the resolution reached with the MS/2D MS experiment is enough to isotopically
resolve the fragment ion peaks. The autocorrelation line was calibrated with theoret-
ical mass-to-charge ratios of known CAD fragments, and the peaks could be assigned
with an average mass accuracy of 0.09±2.55 ppm. Figure 4.4.b reports the percent-
age of b/y ions, internal ions, neutral losses assigned, and unknown ions found for
the autocorrelation line. The resulting cleavage coverage from the autocorrelation
line, counting the cleavages addressed to internal ions, is ~45%, similar to Figure
4.3.b. Cleavages corresponding to the reported cleavage coverage are represented on
the cleavage coverage map in Figure 4.4.e, in blue. A list of the complete peak as-
signments is available in Table B.15 in Supporting Information. The dynamic range
observed for the autocorrelation line is ~3700.
To allow direct comparison between MS/2D MS using different activation techniques,
the fragmentation pattern of the ion y589+ (m/z 726.2838) is extracted from the 2D
mass spectrum through a fragment ion scan, and showed in Figure 4.4.c. Similar
to the previous case, the generated mass spectrum shows all the fragments of the
ion y589+ generated during the fragmentation period inside the ICR-cell, in this
case through the use of ECD as the fragmentation technique. It is in fact possible
to recognise z•/z ’ ions, y ions, charge-reduced species, neutral losses of water and
ammonia, and c ions, whose masses were calculated through the structure proposed
in the scheme of Figure B.1 in the Supporting information. The mentioned fragments
are typical of ECD fragmentations, and constitute complementary information to
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IRMPD. The horizontal spectrum was internally calibrated using theoretical mass-
to-charge ratios of the known z and y fragments, and the same calibration has been
used towards the entire two-dimensional mass spectrum for the assignments of the
other extracted horizontal lines. The assigned peaks are labelled in Figure 4.4.c, and
the cleavage coverage is reported and equal to ~28.1% for the y589+ ion. Horizontal
fragment ion scans were extracted for all the successfully assigned precursors, giving
a total cleavage coverage of ~72% for the CAD/ECD MS/2D MS experiment of
ubiquitin at the specified conditions. A cleavage coverage map for ion the experiment
is reported in Figure 4.4.e. A complete list of the precursors that reported significant
fragmentation is included in the Supporting Information, along with the complete
peak assignments for their fragmentation patterns (Tables B.16 to B.19).
Combining the data obtained with the CAD/IRMPD and CAD/ECD MS/2D MS
experiments, a cumulative cleavage coverage of 83% has been obtained for ubiquitin
at the detailed conditions.
4.3.2. Calmodulin
Similarly to the analysis of Ubiquitin, one-dimensional control spectra were acquired
for the full MS and CAD MS/MS analysis of Calmodulin.
4.3.2.1. Full MS of CaM
A one-dimensional full mass spectrum of Calmodulin (CaM, 17kDa) in denaturing
conditions was acquired as control. Equivalently to the analysis of Ubiquitin, the
spectrum was acquired using 4M data-points (16 bits), for a transient length of 1.6777
s, and a resulting resolving power of ~340000. Calibration was achieved through
instrument calibration with a quadratic curve, using an external calibrant before the
data acquisition. The full mass spectrum of CaM in denaturing conditions is shown
in Figure 4.5. It exhibits a wide range of charge states reached by calmodulin at the
detailed conditions, from 7+ to 18+. The most abundant charge state, corresponding
to MH1414+ (m/z 1199.5681), was isolated and accumulated in the quadrupole, for
MS/MS fragmentation with CAD in the hexapole collision cell.
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Figure 4.5.: Full mass spectrum of calmodulin, showing the range of charge states
reached by the protein in denaturing conditions. Transients have been
accumulated for 8 scans.
4.3.2.2. CAD MS/MS of CaM
A one-dimensional CAD MS/MS spectrum for CaM was acquired with the same
acquisition parameters listed for the full MS (Figure 4.6.a). The resulting resolving
power was ~340000. The mass spectrum was internally calibrated using theoreti-
cal mass-to-charge ratios of the recognised peaks. CAD of calmodulin exhibited a
large number of multiply charged b/y ions (the vast majority represented by b ions)
matched by neutral losses in large scale. It is hypothesised that the unassigned peaks
are originated by “sequence scramble”, typical of b ions in MS/MS experiments in-
volving techniques such as CAD and IRMPD. Ions could be assigned with a high
average mass accuracy of 0.21±0.98 ppm, leading to a cleavage coverage of 37.8%
considering only b and y ions, and 41.2% including the assigned internal ions. A
complete list of the assigned fragments for the 1D CAD MS/MS spectrum of CaM
in denaturing conditions is reported in the Table B.33. A cleavage coverage map is
reported in Figure 4.6.b.
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Figure 4.6.: (a) CAD MS/MS spectrum of calmodulin. It has been obtained isolating
in the quadrupole of the mass spectrometer the 14+ charge state of
calmodulin and accelerating the ions into Argon in a hexapole-based
collision cell. Mass analysis and detection were performed in the ICR-
cell. (b) Cleavage coverage map of the spectrum reported in (a): the
cleavage coverage reaches 37.8% considering the generated b/y ions, and
raises to 42.1% if internal ions are added. Complete mass assignments
for the showed spectrum and coverage map are shown in table S.22.
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4.3.2.3. CAD/IRMPD MS/2D MS of calmodulin
Figure 4.7.: CAD/ECD and CAD/IRMPD MS/2D MS of Calmodulin in denaturing
conditions. (a) Two-dimensional mass spectrum for the CAD/IRMPD
MS/2D MS analysis of CaM. The autocorrelation line, a horizontal scan
and a vertical scan are highlighted and extracted respectively in spectra
b, c, and d. (b) Autocorrelation line. (c) Fragment ion scan of the CAD-
ion b545+. (d) Vertical ion scan for the ion b9. The assigned ions are
labelled on the autocorrelation line (spectrum b) with a pentagon. (e) 2D
mass spectrum from the analysis of CaM with CAD/ECD MS/2D MS.
A horizontal scan is extracted in spectrum f. (f) Fragment ion scan of
the ion b545+.
Figure 4.7.a shows the two-dimensional mass spectrum resulting from the CAD/IRMPD
MS/2D MS analysis of CaM, with the extraction of the autocorrelation line (b), a
fragment ion scan (c), and a precursor ion scan (d). The characteristics of this
spectrum are reported in the Supporting Information.
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The autocorrelation line is extracted and shown in Figure 4.7.b. The spectrum gen-
erated with the extraction of the autocorrelation line shows the typical complexity of
acquired top-down spectra, but even in this case the resolution is sufficient to isotopi-
cally resolve the present peaks. Signals on the autocorrelation line were calibrated
internally, using the theoretical m/z of the known fragments. The precursors on the
autocorrelation line could be assigned with an average mass accuracy of 0.10±3.11
ppm. The autocorrelation line showed a large number of b and y ions, neutral losses,
and internal fragments: typical ion fragments generated by techniques such as CAD.
Figure 4.7.b indicates the percentages of the found ions’ types. A complete list of the
ions assigned on the autocorrelation line is reported in the Supporting Information
(Table B.34).
Figure 4.7.c shows the extraction of a horizontal ion scan, corresponding to the frag-
mentation pattern of the CAD fragment b545+ (m/z 1206.3786), generated during
the fragmentation period of the 2D analysis, inside the ICR-cell. Many b and inter-
nal ions and neutral losses could be recognised in the spectrum, as expected for a
fragmentation obtained by infrared multiphoton dissociation. The horizontal scan of
ion b545+ was calibrated using the theoretical m/z of the recognised fragments, and
the obtained fitting parameters were used to calibrate the entire two-dimensional
mass spectrum with a quadratic equation. Fragment ions could be assigned with
a mass accuracy of 0.21±0.98 ppm. The main b and internal ions are labelled in
Figure 4.7.c. Neutral losses of water and ammonia are present and can be observed,
unlabelled. Figure 4.7.c reports the cleavage coverage calculated considering the la-
belled ions in the figure, corresponding to a value of 7.5% for ion b545+. Horizontal
fragment ion scans were extracted for all the successfully assigned precursors, and
their fragmentation patterns assigned and used to calculate the cleavage coverage of
CaM with the CAD/IRMPD MS/2D MS experiment. The total cleavage coverage is
~41%, calculated considering also the cleavages due to internal fragmentation, and
showed in the cleavage coverage map of Figure 4.8.a.
As another example of capability of 2D FT-ICR MS techniques, a vertical scan is
extracted and showed in Figure 4.7.d. This mass spectrum shows all the precursor
ions that generate the ion b9 (m/z 1070.5000) during the fragmentation period in
the ICR-cell. Figure 4.7.d shows about 15 precursors, which can only be N-terminal
precursor ions and the molecular ion MH1414+ of CaM. Precursor ions were assigned
through cross-correlation with the autocorrelation line. Signals due to experimental
noise are labelled with a star symbol (*). The concurrent detection of all precursor
ions and its ready availability is a powerful tool of 2D FT-ICR MS, and it is here
used for simultaneous discrimination between N-terminus and C-terminus fragment
ions. The b ions assigned through the extraction of the vertical ion scan are labelled
in Figure 4.7.b with a pentagon.
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4.3.2.4. CAD/ECD MS/2D MS of calmodulin
Figure 4.7.e shows the two-dimensional mass spectrum resulting from the CAD/ECD
MS/2D MS analysis of Calmodulin in denaturing conditions.
The autocorrelation line was extracted and calibrated internally using theoretical
m/z of the recognised fragments. Several b/y ions, internal fragment ions and neu-
tral losses could be assigned, with an average mass accuracy of 2.42±4.66 ppm.
Percentages of the assigned ions are reported in Figure B.3 in the Supporting In-
formation, together with a complete list of the correct peak assignments for the
autocorrelation line of the CAD/ECD MS/2D MS of CaM in denaturing conditions
(Table B.35). Although the autocorrelation lines were obtained with the same CAD
and ion transfer parameters for the two experiments they are mostly similar for the
assigned fragments, but they differ in signal intensity, and some different precursors
can be found in each of them (see tables B.34 and B.35). The cleavage coverage
obtained for the CAD fragmentation of CaM, calculated on the autocorrelation line
considering cleavages due to internal fragmentation, is of ~31%.
Figure 4.7.f shows the extraction of a fragment ion scan. Ion b545+ was chosen as ex-
ample to highlight the different fragmentation patterns obtained with the CAD/IRMPD
and CAD/ECD experiments. Charge-reduced species corresponding to the capture
of one and two electrons, accompanied by several side-chain losses, can be observed
in the mass spectrum in Figure 4.7.f, together with c ions: these are typical ions
originated with ion activation by electron-capture dissociation. Many unassigned
fragments are also present. They have been investigated using the structure pro-
posed in the scheme of Figure B.1 in the Supporting Information. Direct comparison
of the autocorrelation fragment ion scans of Figure 4.7.c and Figure 4.7.f shows the
different fragmentation patterns exhibited by the CAD-fragment b545+ when sub-
jected to IRMPD or ECD respectively. They demonstrated that CAD/IRMPD and
CAD/ECD MS/2D MS experiments are indeed complementary. Horizontal fragment
ion scans were extracted for all the successfully assigned precursors, and their frag-
mentation patterns assigned and used to calculate the cleavage coverage of CaM with
the CAD/ECD MS/2D MS experiment. The value of this cleavage coverage is ~32%,
calculated considering also the cleavages due to internal fragmentation, and showed
in the cleavage coverage map of Figure 4.8.b.
Combination of the data obtained with the CAD/IRMPD and CAD/ECDMS/2DMS
experiments of CaM at the detailed condition brought to a cumulative cleavage cov-
erage of ~42%.
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Figure 4.8.: Cleavage coverage maps for the CAD/IRMPD and CAD/ECD analysis
of CaM in denaturing conditions. Vertical lines indicate cleavages gener-
ated by the formation of internal fragments. The total cleavage coverage
for the MS/2D MS analysis of CaM is ~42%.
4.4. Discussion
Two-dimensional FT-ICR MS made huge strides in the last decade in terms of pro-
cessing times and data visualisation: from noisy spectra obtained after several hours
of computational processing, to clear ones obtained in a matter of hours or less,
thanks to the efficiency of the applied de-noising algorithms and the use of high per-
formance computer clusters. These improvements allowed 2D MS with samples of
increased complexity, until the very first applications of the technique to top-down
protein analysis, realised on relatively pure samples of Calmodulin using IRMPD as
activation method. Top-down 2D MS studies of CaM showed that the technique was
able to obtain the fragmentation patterns of all the different charge states of CaM
in a single experiment, but the cleavage coverage for the top-down IRMPD 2D MS
experiment could be improved. In the work presented in this thesis, a further frag-
mentation step with CAD, prior to the in-cell fragmentation, is added in order to
obtain more structural information from the proteins in analysis.
4.4.1. All the MS3-equivalent information in a single experiment
The analyses performed in this thesis showed that with MS/2D MS it is possible to
obtain a large amount of information equivalent to an MS/MS experiment on the
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entire protein and multiple MS/MS/MS experiments targeted at different fragments
in a single run. The MS/MS-equivalent information is included in the autocorrelation
line, whose extraction shows a tandem mass spectrum displaying all the fragments
obtained through the first fragmentation step (in this case, CAD). Inserts b in Figures
4.3, 4.4, and 4.7 show in fact that extracting the autocorrelation lines in a two-
dimensional spectrum from an MS/2D MS experiment a mass spectrum containing
typical fragment ion types deriving from CAD is obtained. As mentioned, top-down
MS/MS spectra are intrinsically complex (Figure 4.4.b). Extraction and correct
interpretation of the autocorrelation line constitutes an important initial step in the
top-down MS/2D MS analysis, providing an initial idea of the products from the first
fragmentation step. Since a visualisation of the MS/MS spectrum can be obtained
in real time before 2D MS acquisition, this stage can be tuned at its best in order to
obtain the maximum fragmentation efficiency.
In one-dimensional FT-ICR MS two MS/MS experiments performed with exactly the
same parameters might still show slight differences in ions assignments and abun-
dances. In 2D MS these differences are accentuated, because ion relative peak inten-
sity is not tied only to their abundance in the mixture, but also to the fragmentation
they undergo in the ICR-cell. That constitutes an explanation of the differences
found in the autocorrelation lines of Figures 4.3.b and 4.4.b, although their spectra
both represent the first fragmentation of Ubiquitin with CAD, acquired with the same
instrument parameters. The cleavage coverage maps of Figure 4.4.d-e show in blue
the fragments assigned interpreting the autocorrelation lines of the two MS/2D MS
experiments performed on Ubi. In both the spectra generated with the extraction
of the autocorrelation lines for the CAD/IRMPD and CAD/ECD MS/2D MS ex-
periments, a percentage of unknown ions is reported. These ions might derive from
secondary fragmentation, or from ion “sequence scrambling”, a minor ion formation
mechanism path that occurs in CAD and IRMPD activations [89]. A substantial dif-
ference in the assigned ions can be observed. For both the experiments, the cleavage
covered with the analysis of the autocorrelation line was about 45%, unexpectedly
more than the initial one-dimensional CAD MS/MS experiment performed as con-
trol, whose cleavage coverage ranged around 32%.
An important improvement in the cleavage coverage of the protein is obtained analysing
the horizontal scans. For each CAD-fragment found in the autocorrelation line (i.e.
each precursor in the 2D MS analysis) a fragment ion scan can be extracted, like
those shown in inserts c of Figures 4.3 and 4.4 for the ion y589+ of Ubi. Fragment
ion scans generate mass spectra displaying the fragmentation patterns of the selected
precursor. In the case of an MS/2D MS experiment, since the precursors are already
fragments derived from an initial CAD activation, spectra derived from their fur-
ther fragmentation constitute information equivalent to that obtained by multiple
MS/MS/MS experiments targeted at those ions. In Figure 4.3.c the horizontal scan
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of the ion y589+ extracted from the CAD/IRMPD MS/2D MS spectrum shows a
wide range of y ions and ions assigned as internal ions. The figure shows also the
cleavage coverage map for the spectrum. Further fragmentation of this ion with
IRMPD is expected to break more peptide bonds, generating other b and y ions, de-
pending on the terminus that retains the charge, and eventually internal fragments.
However, generating a b ion (i.e. breaking a peptide bond with charge-retention on
the former N-terminus) from a y ion produces what structurally is defined as “inter-
nal” fragment, explaining the abundance of internal ions starting with the sequence
PSD- present in the spectrum. The fragments found in this spectrum are typical of
techniques such as IRMPD, indicating that the ion y589+ underwent further frag-
mentation with such activation method inside the ICR-cell. In the fragment ion scan
extracted from the CAD/ECD MS/2D MS spectrum of Ubi, showed in Figure 4.4.c,
the generated fragments are much different: z /z+ fragments could be recognised, as
well as fragments assigned as c ions, whose theoretical m/z was calculated breaking
different Cα-N bonds along the amino acid chain of the CAD-generated ion y589+ of
ubiquitin. ECD generated a range of cleavages in the terminal parts of the ion com-
pared to what reported in the cleavage coverage map of Figure 4.4.c for the fragment
ion scan of y589+ from the CAD/IRMPD experiment.
As comparison, CAD/IRMPD and CAD/ECD MS3 spectra were acquired for the ion
y589+ of Ubiquitin, reported in Figure 4.7. It is interesting to notice that the cleav-
ages reported for the 1D MS/MS/MS experiments and for the MS/2D MS experi-
ments are different. The extraction of the fragment ion scan from the CAD/IRMPD
MS/2D MS experiment presented in Figure 4.3.c reported 19/57 cleavages, while
only 4/57 could be observed in the CAD/IRMPD MS3 experiment. The number
of cleavages becomes more comparable for the CAD/ECD MS3 and MS/2D MS ex-
periments, reported to be respectively 24/57 and 19/57. While in the first case the
MS/2D MS experiment seems to retain more structural information, when ECD is
used as second fragmentation technique the number of electron-based cleavages is
similar, but the cleavages differ in the highest number of c ions reported for the 1D
experiment and for the different cleavage locations, that in the 1D experiment seem
to go deep in the ion amino acid chain. Both z and z+ ions are reported for the 1D
MS3 and the MS/2D MS experiments.
The difference in the obtained fragments, with consequent difference in cleavages,
between the CAD/IRMPD and the CAD/ECD experiments resulted in complemen-
tary information, that was summarised in 60/75 cleaved bonds, for a ~83% cleavage
coverage. The value is comparable with intensive top-down studies on Ubiquitin that
reported cleavages up to 67/75 cleavages using ECD as fragmentation technique [93].
CAD/IRMPD and CAD/ECD MS/2D MS performed on CaM reported a cleavage
coverage of respectively ~41 and ~32%, for a total cleavage coverage of ~42%, rep-
resented in the cleavage coverage maps of Figure 4.8. Previous top-down 2D MS ex-
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periments on CaM in denaturing condition reported a 23% cleavage coverage when
IRMPD was used as activation technique [165]. Performing the MS/2D MS ex-
periment on the same protein generated a rise in cleavage coverage of about 19%,
representing a further step on the top-down analysis via two-dimensional MS.
4.4.2. MS/2D MS for internal ion assignment
Fragmentation techniques such as CAD generate a relevant number of internal ions,
from cleavage of both the N- and the C-termini. Such fragments are often difficult
to interpret, and their assignment is excluded unless they can be identified with high
accuracy. Due to the fact that the breach occurs at the level of the peptide bond for
both edges of the amino acid chain, the number of internal ions that might correspond
to a singlem/z value is often high. Hence the necessity to perform tandem mass spec-
trometry on internal ions in order to better elucidate their sequence, and correctly
assign them. MS/2D MS allows characterisation of all the internal ions that undergo
further fragmentation inside the ICR-cell. It is reported the example of the ion ofm/z
761.4053, found in the autocorrelation line of the CAD/IRMPD MS/2D MS experi-
ment of Ubi (Figure 4.9). After calibration of the autocorrelation line, the ion’s m/z
corresponded to two theoretical sequences, PSDTIENVKAKIQDKEGIPPDQQR-
LIFAGKQLED and EVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQ. Since the
atomic composition of these sequences has exactly the same value in m/z at the sixth
decimal digit, it would be impossible to discriminate between the two sequences with-
out any sort of MS/MS analysis. Extracting the fragment ion scan for the internal
ion of interest from the CAD/IRMPD MS/2D MS spectrum, the spectrum in Figure
4.9 is generated. As expected, all the fragments generated by an internal fragment
could be assigned as internals, often with more of a possible sequence per single m/z.
However, in this case, the presence of the fragment FAGKQLED+ (m/z 889.4414)
allowed the discrimination between the sequences, confirming the presence of the ion
PSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLED5+. Although specific fragment
ions for the sequence EVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQ were not
found, the presence of its 5+ ion cannot be completely excluded, but the assign-
ment of PSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLED5+ was important for
the cleavage coverage of the entire protein. A table with the complete assignments
of the mass spectrum in Figure 4.9 can be found in Supporting Information (Table
B.12).
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Figure 4.9.: CAD/IRMPD MS/2D MS fragment ion scan for the internal fragment
ion of m/z 761.4053, whose sequence could be PSDTIENVKAKIQD-
KEGIPPDQQRLIFAGKQLED or EVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQ. The presence of the fragment ion FAGKQLED+
(m/z 889.4414) determined the presence of the ion of the former se-
quence. The cleavage coverage map shows the found (full lines) and
hypothetical assignments (dotted lines).
4.4.3. Further information available with 2D MS studies
Amongst the key features of two-dimensional mass spectrometry, in MS/2D MS
vertical ion scans assume a particularly useful meaning, and support fragment ion
assignment. In fact, extracting a vertical ion scan, a mass spectrum of all the pre-
cursors that generate a fragment of interest can be obtained. This feature has been
shown in top-down 2D MS studies to find all the charge states of a molecule that
generated a specific ion [165]. However, in MS/2D MS the precursors are already
fragmented ions. Figure 4.3.d shows the mass spectrum generated extracting the
precursor ion scan of the ion y244+ of Ubiquitin: only y ions are present in the
spectrum. A y ion, an ion formed by cleavage of the peptide bond retaining the
charge in the N-terminus of the protein, can be generated in-cell via techniques such
as IRMPD, SORI-CAD, or UVPD only from other ions containing the C-terminus.
In the same way, b ions can be generated in-cell only by other ions retaining the
charge in the N-terminus. An example is shown in figure 4.7.d for the CAD/IRMPD
MS/2D MS experiment on CaM. Thus, if a prominent, lowm/z b ion can be assigned,
all precursors that produce that ion (all the vertical precursors in same line) must
contain the N-terminus, and similarly a small y ion’s precursor scan can identify
many C-terminal fragments.
Precursor ion scans were extracted and used for ion assignments for the CAD/IRMPD
MS/2D MS experiments of both Ubiquitin and Calmodulin. No significant precursor
ion scans were found for the CAD/ECD MS/2D MS experiments. This difference
might be due to the different nature of the dissociation techniques used to achieve the
second fragmentation: IRMPD is a known ergodic process, which results in selective
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cleavages via low energy requirements, while ECD is more random across the amino
acid chain [94, 222].
Similarly, neutral-loss lines have the potential to be used for further specific ion
assignment if the ions inside the ICR-cell exhibit a specific loss. However, for the
data presented here, no convincing neutral-loss lines were found. Unlike for what
happens with precursor ion scans, neutral-loss lines are related to the charge of the
precursors: this means that precursors with different charge states will be shown
in different neutral-loss lines, even if they generate the same loss. Such charge-
dependence on the information retained by neutral-loss lines suggests a deconvolution
algorithm for two-dimensional spectra, which is currently in progress.
4.4.4. 2D MS vs MS/2D MS
Although 2D FT-ICR MS represents the core of the MS/2D MS technique, the
parameters for the acquisition of a top-down two-dimensional mass spectrum are
different when acquiring it with 2D MS or MS/2D MS. As explained in Chapters 1
and 3, due to the output of 2D FT-ICR MS, which is a two-dimensional map with
m/z along both the axis, it is possible to define a vertical resolution and a horizontal
resolution [165]. The required resolution could be calculated and obtained based on
the complexity of the spectra along its direction. E.g., in a standard top-down ex-
periment the precursors are represented by the different charge states of the protein,
which are usually well separated in m/z. The fragment ions will instead be disposed
in a much more complicated distribution typical of top-down MS/MS experiments.
In this conditions, a higher resolution is required for the fragments compared to the
precursors. In a top-down MS/2D MS experiments, the precursors are ions derived
from a previous (in this case CAD) fragmentation, while the fragments derive from
a further fragmentation of these CAD-ions, as shown in inserts c of Figures 4.3, 4.4,
and 4.7. Due to the complex nature of top-down MS/MS spectra (showed in the au-
tocorrelation lines of Figures 4.3.b, 4.4.b, and 4.7.b), in MS/2D MS a higher vertical
resolution is required compared to the horizontal resolution. Amongst other fac-
tors, since the vertical resolution depends on the number of iterations in t1 (scans),
MS/2D MS experiments are generally longer than top-down 2D MS experiments.
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4.4.5. MS/MS/2D MS of Ubiquitin
Figure 4.10.: MS/MS/2D MS analysis of Ubi in denaturing conditions. (a) ISD
MS/MS spectrum of Ubiquitin and respective cleavage coverage map.
(b) 2D mass spectrum from the ISD/CAD/IRMPD MS/MS/2D MS
analysis of Ubi: the autocorrelation line (c) and the horizontal frag-
ment ion scan of fragment ion y589+ (d) are extracted. (d) Fragment
ion scan of ion y589+ from an ISD/CAD/ECD MS/MS/2D MS mass
spectrum for direct comparison with spectrum d. (f,g) Cleavage cov-
erage maps for the MS/MS/2D MS analysis of Ubi respectively with
IRMPD and ECD as tertiary (in-cell) fragmentation.
As an additional proof of the capability of two-dimensional mass spectrometry for
deep sequencing in top-down protein analysis, a further fragmentation step has been
added before introducing the fragments into the ICR-cell for 2D MS. For relatively
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pure samples, is possible to use nozzle-skimmer dissociations in the source (an in-
source dissociation, ISD) to fragment all the charge states of the protein in analysis
before isolation in the quadrupole. In the quadrupole, a selected fragment ion is
isolated and sent to the hexapole-collision cell for further fragmentation: the gen-
erated CAD-fragments are then sent into the ICR-cell for 2D FT-ICR MS analysis,
constituting a MS/MS/2D MS experiment. Such experiment is equivalent in infor-
mation to an MS4 experiment. Nozzle-skimmer dissociations generate the same type
of fragments as CAD. The spectrum in Figure 4.10.a shows the initial ISD MS/MS
of Ubi with the correspondent cleavage coverage map. Since all the charge states of
pure Ubiquitin are fragmented in-source at the same time, peaks corresponding to
their m/z are present and labelled in the spectrum. All the unlabelled peaks are b,
y, or internal ions, whose complete assignment can be found in Table B.20 in the
Supporting Information. The ion selected for further fragmentation with CAD was
the ion y589+. Figure 4.10.b shows the two-dimensional mass spectrum obtained
with the ISD/CAD/IRMPD MS/MS/2D MS experiment of Ubi with the extraction
of the autocorrelation line and a fragment ion scan. The autocorrelation line (Figure
4.10.c) shows the CAD fragmentation of the ion y589+ with all the assignments minus
the non-diagnostic neutral losses: 31 fragments between y and internal ions can be
observed, whose m/z are reported in Table B.21 in the Supporting Information. In
MS/MS/2D MS extracting the autocorrelation line gives information equivalent to
an MS3 experiment on ubiquitin.
Figure 4.10.d shows the fragment ion scan of y589+, a mass spectrum showing the
fragmentation pattern of the selected ion under IRMPD. Although CAD and IRMPD
generate the same type of fragments, different cleavages are observed due to the dif-
ferent mechanisms of these dissociation techniques. The spectrum in figure 4.10.d is
equivalent to a spectrum obtained by ISD/CAD/IRMPD MS4 experiment on ubiq-
uitin. For direct comparison with the mass spectrum in Figure 4.10.d, a fragment
ion scan for the ion y589+ from an ISD/CAD/ECD MS/MS/2D MS spectrum of
Ubi (Figure B.2 in the Supporting Information) is shown in figure 4.10.e. 17 frag-
ments, between c, z, and y can be observed, typical of ECD fragmentation patterns,
and constituting complementary information to the previous spectrum. Similarly
to the previous case, the spectrum in Figure 4.10.e constitutes information equiva-
lent to an ISD/CAD/ECD MS4 experiment on Ubi. Fragment ion scans have been
extracted for different secondary CAD-fragments from both the MS/MS/2D MS
spectra (with IRMPD and ECD), and their complete assignment is reported respec-
tively in Tables B.22 to B.27 and Tables B.29 to B.31 in the Supporting Informa-
tion. Cleavage coverage maps have been reported for both the MS/MS/2D MS
experiments, respectively in Figure 4.10.f for ISD/CAD/IRMPD, and 4.10.g for
ISD/CAD/ECD. ISD/CAD/IRMPD MS/MS/2D MS of Ubi gave a cleavage cover-
age of ~42% for ion y589+, and of ~48% for the overall experiment. More promising
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was the ISD/CAD/IRMPD MS/2D MS of Ubi, which led to a cleavage coverage of
93% for the ion y589+, and of ~87% for the overall experiment.
It is interesting to notice that combining the results of MS/2D MS with only the
results of the ISD/CAD/ECD MS/MS/2D MS analysis, a total of 73/75 cleavages is
obtained, for a total cleavage coverage of ~97% for ubiquitin in denaturing conditions.
The parameters for the acquisition of these spectra can be found in the supporting
information (Table B.32), together with the assignments on the autocorrelation line
of the ISD/CAD/ECD MS/MS/2D MS spectrum of Ubi (Table B.28).
4.4.6. MS/2D MS with other fragmentation techniques
Other dissociation methods could be used for MS/2D MS. For example, another
suitable configuration of the MS/2D MS experiment involves the use of hexapole-
based ETD followed by dissociation with IRMPD or UVPD: it would be useful for
top-down analysis of phosphorylated proteins, whose first activation with ETD would
cleave the protein backbone saving the post translational modifications for the second
fragmentation.
4.4.7. Towards an improved 2D MS
2D MS is becoming established for top-down analysis of proteins. The computational
approaches stepped from long processing and slow visualisation on an office computer
to an improved user experience, thanks to the parallelisation of the 2DFT in HPC
clusters, the application of more effective denoising algorithms, and the generation
of less heavy files for visualisation. Algorithms for a much faster acquisition of high
vertical resolution spectra are being developed. The next step in the development of
2D MS will regard the automation of the technique, above all in the data analysis,
in order to better manage the huge amount of information obtained.
4.5. Conclusions for Chapter 4
A new two-dimensional tandem mass spectrometry acquisition method has been de-
veloped, called MS/2D FT-ICR MS or MS/2D MS. The technique is able to obtain
information equivalent to a MS/MS/MS analysis of an entire protein, and it has been
applied to relatively pure Ubiquitin and Calmodulin in denaturing conditions. Fea-
tures embedded in 2D MS such as vertical ion scans and neutral-loss lines constitute
a different source of information for the sequencing of proteins, and the technique
can be developed to MSn/2D MS to deepen the information gathered from intact
proteins. The results obtained represent a further step in the top-down “Deep se-
quencing” of proteins using 2D FT-ICR MS.
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5. Polymer analysis in the second
dimension: preliminary studies for
the characterisation of polymers
with 2D MS
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Two-Dimensional Fourier transform ion cyclotron resonance mass spectrometry (2D
FT-ICR MS or 2D MS) allows direct correlation between precursor and fragment
ions without isolation prior to fragmentation. The method has been optimised for
the analysis of complex mixtures, and used so far for the analysis of small molecules,
peptides obtained by tryptic digestion of proteins, and entire proteins. In this work,
a 2D MS method is developed to characterise complex mixtures of polymers using
IRMPD and ECD as fragmentation techniques, and TPGS, Polysorbate 80, and
PMMA as analytes. The use of 2D MS allowed generation of fragment m/z values for
all the compounds in the mixture at once, and allowed tandem mass spectrometry of
species very close in m/z, that would have been difficult to isolate with a quadrupole
for standard MS/MS. Furthermore, the use of unique features of 2D MS such as the
extraction of neutral-loss lines allowed the successful assignment of peaks from low
abundant species that would have been more difficult with standard MS/MS. For
all the samples, the amount of information obtained with 2D MS was comparable
with what was obtained with multiple 1D MS/MS experiments targeted on each
individual component within each mixture but required a single experiment of about
20 to 40 minutes.
5.1. INTRODUCTION
CHAPTER 5. PRELIMINARY STUDIES FOR THE CHARACTERISATION OF
POLYMERS WITH 2D MS
Significance
High-resolution mass spectrometry represents a powerful platform for the analysis of
polymers: its use to determine their structural characteristics or their composition,
but also to calculate their mass distribution and absolute molar masses, end-groups,
and polymerisation mechanisms constitute solid research ground. On the other end,
more information can be obtained with the use of tandem mass spectrometry, but
such technique is still underdeveloped for polymers. Such condition is due to the high
complexity of some of their mixtures (isolation for subsequent fragmentation is not
always feasible), to their structure often difficult to fragment (some polymers have
considerably stable bonds between monomer units), and to the fact that a different
data analysis strategy has to be applied for different polymer classes. Since 2D MS
allows fragmentation of all the ions in a mixture without previous isolation, infor-
mation from all the compounds present in a polymeric mixture can be obtained at
once. By setting the instrumentation for the best possible fragmentation conditions,
with 2D MS it is possible to see the preferential fragmentation of each compound
(horizontal scans), to find species with a similar fragmentation pattern or preferential
cleavages (vertical scans and neutral-loss lines), and to have an overview of multiple
species at once directly from the two-dimensional map (characteristic diagonal lines).
The intent of 2D MS is to provide a new, fast, simplified, data analysis strategy for
polymer analysis with mass spectrometry.
5.1. Introduction
The increasing diversity and complexity of polymeric structures requires the use
of progressively more accurate techniques for their structural investigation. Most
polymeric materials consist in fact of complex mixtures of oligomers, whose physical
properties are the result of the combined effects of the individual components and are
usually characterized through NMR, FTIR and UV spectroscopy, or chromatography.
Although these methods have proven their reliability on the studies of polymeric
mixtures such as TPGS [223, 224, 225], they struggle to provide a complete profile
of the components in the mixture; a difficulty aggravated by the presence of low
abundant species. On the other hand, mass spectrometry (MS) is able to characterise
the different components of a polymer mixture based on the mass-to-charge ratio
(m/z ) of their ions, through which the number average molecular weight Mn and the
weight average molecular weight Mw are calculated.Mn is the total weight of all the
polymer molecules in a sample divided by the total number of polymer molecules in
the sample. Mw is calculated based on the fraction of the total weight represented by
each type of molecule in the sample. The interest in investigating synthetic polymer
structures with ultra-high resolution MS strongly increased in the last decade [226].
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The high performance of FT-ICR MS/MS has been used to analyse many cate-
gories of compounds so far [227, 111], including some categories of polymers. Use
of high resolution mass spectrometry to determine structural characteristics of poly-
mers or their composition, to calculate their mass distribution and absolute molar
masses [228], end-groups and polymerisation mechanisms [229] are affirmed research
domains. An example of end-group determination is represented by the study by
Miladinović et al. of polyacrylates, in an experiment that attested the essential-
ity of high mass accuracy and resolution of FT-ICR MS for the study of synthetic
polymer complexes [204]. Kaczorowska and Cooper reported the structural char-
acterisation of polyphosphoesters with the analysis of their fragmentation patterns
using IRMPD and ECD MS/MS [230]. Finally, FT-ICR MS has been used to analyse
the composition of different common polymeric excipients, such as Gelucire 44/14
and Polysorbate 80 [206], and TPGS [205]. In particular for the last case, a detailed
ECD and CAD MS/MS characterisation of TPGS was performed, stepping up from
an until-then underdeveloped structural characterisation of synthetic polymers due
to difficulties in their fragmentation, and the necessity of different approaches for
data analysis of different polymers types [204].
In this work, 2D MS is applied for the first time to different polymeric samples in
order to develop a method for the characterisation of complex polymeric systems.
The samples in use are D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS),
polysorbate 80, and poly(methyl methacrylate) (PMMA) (5 kDa).
PMMA is a homopolymer used in a wide range of commodities, and the base for Plex-
iglas, Acrylite, Lucite, and Perspex. Other than its major use as shatter-resistant
glass, so that many pieces of plasticware in a chemistry laboratory itself are made
of plexiglass, PMMA is used in many acrylic paint and coating formulations [231].
Recently, FT-ICR MS/MS has been reported for PMMA using both ECD and CAD
to highlight the differences in the fragmentation patterns given by the two fragmen-
tation techniques [204].
TPGS and polysorbate 80 consist of polymeric mixtures commonly used as excipients
in drug formulation for their ability to improve the bioavailability of poorly water-
soluble active ingredients in pharmaceuticals. Water-solubility of drugs is essential
for their assimilation in the human body, and polymeric excipients can improve
solubility through the formation of micelles in the intestinal tract of patients sub-
jected to the drug of interest. Their addition to drug formulation is, therefore, an
important part of the finite pharmaceutical production, and studies of TPGS and
polysorbate 80 have been conducted with many different techniques. TPGS consist
of a lipophilic head, the tocopheryl component, commonly known as Vitamin E, and
a hydrophilic poly(ethylene glycol) (PEG) tail, connected through a succinate di-
ester linker. Other than its mentioned function as absorption/permeation enhancer
through the formation of nanoparticles [232], micelles, or liposomes, TPGS is used
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as emulsifier and stabiliser thanks to its amphiphilic properties [232, 225]. Interest in
the study of TPGS was furtherly developed for its ability to increase bioavailability
of anti-cancer drugs by inhibiting P-glycoprotein [224]. Commercially available sam-
ples of TPGS contain a mixture of TPGS, Di-TPGS, free PEG and alpha-tocopherol
[233, 234, 235]. Studies of TPGS have been performed with NMR, FTIR spec-
troscopy, UV spectroscopy, chromatography, and standard one-dimensional FT-ICR
MS/MS analysis, providing an overview of the polymeric system composition and
structural information. However, even if the presence of Di-TPGS has been found
in previous studies, its structural characterisation with FT-ICR MS/MS was not
performed.
Polysorbate 80 consists of a mixture of sorbitan polyethoxylates, polysorbate di-
esters, polysorbate monoesthers, and free PEG [207]. Studies of its composition
have been performed with IR spectroscopy, chromatography, and mass spectrome-
try [236, 237, 238]. Combination of liquid chromatography and mass spectrometry
(LC MS) improved the initial characterisation of the polymeric mixture [226], but
a deeper investigation was performed with FT-ICR MS where the high resolution
was essential to overcome spectral complexities, such as the discrimination between
species with 0.1 Da difference in mass [206]. However, to date, limited studies about
the MS/MS analysis of polysorbate 80 are reported [239].
5.2. Experimental section
Materials. TPGS was purchased from ISOCHEM, Vert-Le-Petit, France. Polysor-
bate 80, Poly(methyl methacrylate) (analytical standard for GPC, 5kDa), sodium
sulphate (Na2SO4) were purchased from Sigma-Aldrich (Dorset, UK). HPLC-grade
acetonitrile (ACN) was obtained from Fisher Scientific (Loughborough, UK).
Sample preparation. The polymer samples were dissolved in acetonitrile, and passed
through 0.22 µm centrifugal filters to remove particulates prior to electrospray ioni-
sation. Stock solutions of polymers were diluted to different concentrations (TPGS
5 µM, polysorbate 80 10 µM, PMMA 5 µM) in ACN with 1mM Na2SO4.
Instrumentation. FT-ICR MS was performed on a 12 T Bruker SolariX FT-ICR
Mass Spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Samples were
ionised using a custom nano electrospray ionisation (nESI) source, using pulled-glass
capillaries.. Ions were accumulated in a hexapole for 0.1-0.5 s, then transferred
to the ICR-cell, an Infinity Cell [18], for fragmentation, mass analysis, and detec-
tion. IRMPD fragmentation was achieved using a continuous wave, 25 W, CO2 laser
(Synrad Inc., Washington, USA) held at 50% of its power output. IR photons were
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produced at a wavelength of 10.6 µm and pulsed into the ICR cell for 0.28-0.50 s prior
to detection. ECD was performed generating electrons from a heated hollow cathode
(1.5 A), with a 10 V pulse to inject the electrons into the ICR-cell for 0.03-0.05 s
prior to detection (ECD bias 1.5-2.0 V).
Two-dimensional mass spectra acquisition. Two-dimensional mass spectrometry
was performed using IRMPD and ECD as fragmentation techniques, modulating the
fragmentation of the ions according to the scheme in Figure 1.29.a, optimised accord-
ing to previous studies [178]. The full list of parameters used for the two-dimensional
mass spectrometric analysis of polymer samples is provided in the Supporting Infor-
mation (Table C.15).
Data processing and analysis. One-dimensional control spectra were acquired as
control, and externally calibrated with the solariXcontrol software (Bruker Daltonics,
Billerica, MA, USA) using Agilent ESI-L Low Concentration Tuning Mix (Agilent
Technologies, Stockport, UK), then internally calibrated using the theoretical m/z
of known ion peaks with a quadratic calibration function in the Bruker DataAnalysis
v4.1 software (Bruker Daltonics GmbH, Bremen, Germany).
The 2D mass spectra were processed using SPIKE [192] and the urQRd algorithm
for denoising [183]. For the generated spectra, denoising ranks between 10 and 15
were used. The spectra were externally calibrated in the vertical and horizontal
dimensions using the same parameters set for the respective one-dimensional control
spectra. Internal calibration was performed in the vertical dimension through the
extraction of the autocorrelation line and the use of theoretical mass-to-charges of
known components, and in the horizontal dimension using theoretical m/z of known
IRMPD or ECD fragments.
5.3. Results and Discussion
5.3.1. Determination of polymer end-groups with mass spectrometry
The codification of a polymer’s structure becomes increasingly more difficult the
more complex the polymeric mixture. The number of different compounds of a mix-
ture, already enhanced by the distribution of different numbers of repeating units
for the same compound, can furthermore increase due to the different adducts that
can be formed in solution. Finally, analytical techniques like MS, that use the m/z
of the ions in a mixture for analyte identification will see this number multiplied by
the number of charges that any single compound can retain. Fortunately, systems
like FT-ICR MS have enough resolution to resolve not only the isotopic distribution
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of a single compound, determining its charge, but eventual overlapping distribu-
tions of different compounds with one or more isotopes at similar mass-to-charge
ratios. Knowing the entity of the repeating unit, one of the highest challenges of
the structural characterisation of polymers is the determination of the end-group
mass. With MS it is possible to determine the end-group mass of a polymer based
on the mass-to-charge ratio of its peaks in the spectrum, method used in previous
studies of homopolymers and copolymers with MALDI-TOF [240] and FT-ICR MS
[241, 242, 243].
Taking into consideration the case of a linear homopolymer, its mass-to-charge ratio
on the mass spectrum will be determined by the number of repeating units, its end-
group mass, eventual adducts on the molecule, and finally its charge. When the
charge is known, the results can be normalised in order to perform the calculations
in terms of the mass (m) of the macromolecule. The mass of the polymer will be
given by the following equation:
mpolymer = n ·mmonomer +
∑
mendgroup +madduct (5.1)
Where mpolymer is the mass of the polymer as it is found in the mass spectrum, n
is the number of repeating units or monomers, mmonomer is the mass of a monomer,
mend-group is the end-group mass and madduct is the mass of an adduct of the poly-
mer. A polymer in solution can form different kinds of adducts depending on the
mixture and the solvent used to solubilise it. For example, samples of TPGS solu-
bilised in 50/50 water/methanol (v/v) showed peaks corresponding to the addiction
of Na+, H+, NH4+, and the combination of those adducts, overcomplicating the
initial full MS analysis [205]. In MS polymer analysis, experiments tend to be per-
formed preparing the sample with an excess of a specific adduct ion in order for the
polymer to be mainly coordinated with the chosen ion instead of forming a more
complicated mixture with different adducts. When sample preparation is performed
with the addition of a determined ion in the mixture (for example Na+ from Na2SO4
as described in the method section), the adduct is usually known. When the adduct
is known, its mass can be subtracted from the mass of the peak in question, giving
the simplified equation:
mpolymer−adduct = n ·mmonomer +
∑
mendgroup (5.2)
The mass of the monomer can also be deducted from the mass spectrum of the
polymer, taking in consideration the polymer distribution: the difference between two
peaks of the same polymeric distribution (multiplied by the charge of the polymer)
gives the mass of the repeating unit. At this point, knowing the number of repeating
units, n, it would be possible to calculate the missing mass of the end-group with
the equation:
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∑
mendgroup = mpolymer−adduct − n ·mmonomer (5.3)
Valid when mmonomer >
∑
mendgroup. However, n cannot be calculated from the
peaks of a mass spectrum, and it has to be deducted. Rewriting the equation collect-
ing the mass of the repeating unit, and considering mpolymer−adductmmonomer = i, the end-group
mass is given by
∑
mendgroup = (i− n)mmonomer (5.4)
Where at this point n is the maximum integer that multiplied by the monomer mass
gives the mass of the homopolymer chain, while (i-n) is a non-integer number that
multiplied by mmonomer gives the smallest possible end-group mass, mresidue. Once a
value formresidue is obtained through equation 5.4,
∑
mendgroup can be calculated and
used in Equation 5.1 to determine the consistency of the calculation for a determined
polymeric distribution in a full mass spectrum [206].
It is also possible to use the peaks of a known isotopic distribution if n is deducted to
graphically calculate the missing addends of Equation 5.1. In fact, plotting the peak
masses as they are found in the mass spectrum versus the number of repeating units,
n, according to equation 5.1 a line is obtained. The slope of the obtained line is given
by the mass of the monomers, and the intercept is given by [mendgroup +madduct].
An example is reported for the doubly-charged ions of free PEG, TPGS and Di-
TPGS found in the two-dimensional analysis of the TPGS sample using IRMPD as
fragmentation mode (see below). The resulting graph plots the convoluted masses
of the listed compounds versus the number of their repeating units, n (Figure 5.1).
It can be seen from the equation of the linear trends of all the sets of data that
the slope is the same for all the lines, averaging 44.0285±0.0026 (mean±SD). The
mass of a repetitive unit of PEG is 44.0262 Da, indicating that for all the polymers
listed the repetitive unit is ethylene glycol (C2H4O). The intercepts, determining the
sum of the end-group masses and the adducts, indicate for free PEG a mend-group +
madduct of 40.8415 Da, corresponding to H2O + Na+; for TPGS a sum of 553.3792
Da, corresponding to C33H54O5Na, the tocopheryl succinate as one end-group, plus
a hydrogen as the other end-group, and a sodium adduct; and for Di-TPGS a sum of
1109.7875 Da, corresponding to the two tocopheryl succinate heads plus C2H4 (see
the structure of Di-TPGS, reported in Figure ??) and a sodium adduct.
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Figure 5.1.: Correlation between the mass of the peaks in the autocorrelation line of
the IRMPD 2D mass spectrum of TPGS of Figure 5.2 (equivalent to a
full mass spectrum of the mixture) and the number of repeating units
per mass correspondent to the peaks. The graph, obtained by plotting
the data extracted from the 2D mass spectrum for TPGS, Di-TPGS and
free PEG with Equation 5.1, shows the consistency of the end-group
masses and the monomer masses of the substances in the mixture.
Table 5.1.: Structures of the polymers in each mixture.
Mixture Name Structure
TPGS
D-α-tocopheryl
polyethylene
glycol 1000
succinate (TPGS)
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Di-TPGS
Poly(ethylene
glycol)
Polysorbate 80
Sorbitan
polyethoxylates
Polysorbate
esters
Polysorbate
diesters
Isosorbide
polyethoxylates
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PMMA
Poly(methyl
methacrylate)
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5.3.2. 2D MS analysis of TPGS
Figure 5.2.: Two-dimensional analysis of the TPGS polymeric mixture in pure ace-
tonitrile and Na2SO4 with IRMPD and ECD as fragmentation tech-
niques and proposed nomenclature [205]. (a) IRMPD 2D mass spectrum
with highlights on the most abundant fragmentations in the mixture.
(b) Autocorrelation line extracted from spectrum a. (c) Autocorrelation
line extracted from the ECD 2D mass spectrum of TPGS (see Sup-
porting information, Figure C.4). (d-f) Fragment ion scans extracted
from the IRMPD 2D mass spectrum of TPGS, respectively for singly-,
doubly- and triply-charged TPGS. (g) Fragment ion scan of Di-TPGS2+
extracted from spectrum a. (h, i) Fragment ion scans extracted from the
ECD 2D mass spectrum of TPGS, respectively for doubly- and triply-
charged TPGS. (J) Fragment ion scan of Di-TPGS2+ extracted from the
ECD 2D mass spectrum of TPGS.
Figure 5.2 shows the results of the two-dimensional mass spectrometry analysis of
TPGS performed with IRMPD and ECD as fragmentation techniques. The nomen-
clature for the fragmentation of TPGS is reported in this figure (top-right) as pro-
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posed in previous studies [205]. Figure 5.2.a shows the 2D mass spectrum of TPGS
with IRMPD as fragmentation mode. Different characteristic lines can be observed,
including a clear autocorrelation line and horizontally distributed peaks showing the
fragmentation patterns of all the precursors subjected to infrared multiphoton dis-
sociation. The curved lines departing from the bottom represent harmonics, which
do not substantially interfere with the spectral interpretation of extracted horizontal
lines due to the unconventional isotopic distribution shown by their peaks. The 2D
mass spectrum also shows lines characteristic of this specific polymeric system, indi-
cating the major fragmentation patterns of the main precursors (red -•- lines). The
characteristics of the 2D mass spectrum in Figure 5.2.a and the 2D ECD FT-ICR MS
spectrum of TPGS are shown in Table 5.2. The horizontal resolving power (RPh), the
vertical resolving power (RPv) and the total resolving power (RP2D) are calculated
according to previous studies [165], and reported at m/z 400. For these experiments
the horizontal resolving power was reduced (see the experimental parameters in the
Supporting Information, Table C.15) to speed up the overall experimental analysis
time, while extending the number of vertical scan lines. The 2D ECD MS spectrum
of TPGS is reported in Figure C.4 in the Supporting Information.
Sample Dissociation method RPh RPv RP2D Tacq [min]
TPGS IRMPD 45k 1.5k 90M ~20ECD 28k 1.6k 46M ~20
Polysorbate 80 IRMPD 29k 1.1k 32M ~20ECD 58k 330 19M ~20
PMMA IRMPD 55k 1.1k 60.5M ~30ECD 48k 2.3k 112M ~40
Table 5.2.: Characteristics of the 2D mass spectra resulting from the analysis of
TPGS with IRMPD and ECD 2D MS, and their acquisition times.
The autocorrelation line is extracted in Figure 5.2.b, showing the precursors present
in the polymeric mixture. The TPGS sample was dissolved in pure acetonitrile
and saturated with Na2SO4, giving the formation of solely sodium-adduct cations
of the analytes in the mixture. Distributions corresponding to different charge
states and PEG units of TPGS, Di-TPGS, and free PEG can be observed, with
the doubly-charged TPGS being the most abundant species in the mixture and free
poly(ethylene) glycol the less abundant species. All the peaks are initially assigned
based on their m/z considering Na+ as an adduct, and then confirmed with MS/MS
analysis, which in the case of 2D MS corresponds to the extraction of the horizon-
tal lines for the precursors under analysis. The figure reports the distributions of
[TPGS+Na]+, [TPGS+2Na]2+, [TPGS+3Na]3+, and [Di-TPGS+2Na+]2+, while a
list of the complete peak assignments of the autocorrelation line can be found in
Table C.1 in the supporting information. Figure 5.2.c reports the extraction of the
autocorrelation line from the 2D ECD MS spectrum of TPGS in pure acetonitrile
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and 1 mM Na2SO4. It is interesting to notice that the species found in the mix-
ture are as expected exactly the same, but with a considerable difference in relative
abundance. In 2D MS, ion intensity of the autocorrelation line does not depend
solely on the ion abundance of the species under analysis. Amongst other factors,
fragmentation of the precursors in the ICR-cell determines the precursor intensities
on the autocorrelation lines, accentuating the intensity of the ions that fragment
more extensively. ECD is known to be a charge-dependent fragmentation, with the
more charged species being able to capture more electrons before neutralisation,
and consequently to exhibit more fragmentation in their tandem mass spectra. This
characteristic of ECD is reflected on the autocorrelation lines of the shown polymeric
mass spectra (Figures 5.2.b and 5.2.c), in which the species that retain more charges
are relatively more abundant in the autocorrelation line of the 2D ECD mass spec-
trum than the autocorrelation line extracted from the 2D IRMPD mass spectrum of
TPGS. This effect is particularly visible with TPGS3+ and Di-TPGS2+, appearing
relatively more intense, and of TPGS+, relatively less intense in Figure 5.2.c com-
pared to Figure 5.2.b. The assignments on the autocorrelation lines agree with what
has been found in previous studies, for which TPGS, Di-TPGS, and PEG were found
in a sample of this polymeric mixture using acetonitrile as solvent [205].
The capability of 2D MS to fragment all the species in a mixture without the ne-
cessity of single precursor isolation before fragmentation in the ICR-cell is shown
with the extraction of fragment ion scans of the main species found in the mix-
ture. Figures 5.2.d. to 5.2.g show in fact the fragment ion scans of respectively
[TPGS+Na+]+, [TPGS+2Na]2+, [TPGS+3Na]3+, and [Di-TPGS+2Na]2+ extracted
from the 2D mass spectrum in Figure 5.2.a. The extracted fragment ion scans show
the fragmentation patterns of the selected species subjected to infrared multipho-
ton dissociation. For a direct comparison between the two dissociation techniques,
the fragment ion scans of [TPGS+2Na]2+, [TPGS+3Na]3+, and [Di-TPGS+2Na]2+
extracted from the 2D ECD MS spectrum of TPGS in pure acetonitrile and 1mM
Na2SO4 are reported respectively in figures 5.2.h to 5.2.j. Figure 5.2.d shows the
fragmentation pattern of singly-charged TPGS under IRMPD conditions. The most
abundant ion species derive from the fragmentation pathways leading to a ions and
f ions, respectively the break of the hetero-hexane ring at the edge of the tocopheryl
head with loss of the long alkane chain, and the complete loss of the tocopheryl frag-
ment leaving only a series of sodiated PEG ions (Figure 5.2, top right). Formation of
fragment a is intriguing, and it has been hypothesized in previous studies conducted
with FT-ICR MS/MS that its formation might be stabilised through the formation
of a larger conjugated structure [205], as it happens for Chlorophyll a [115]. b, c, d,
and e fragments are present in minor abundances. The spectrum shows several in-
ternal PEG losses, generating different series of ions with the same termini. Internal
PEG losses have been observed in previous studies on samples of long poly(ethylene)
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glycol chains using CAD as fragmentation technique [244]. The complete peak as-
signment of the spectrum in Figure 5.2.d can be found in Table C.2 in the Supporting
Information. Previous MS/MS studies conducted with CAD as fragmentation tech-
nique did not show any generation of fragments from the isolation and fragmentation
of singly-charged TPGS [205]. Such phenomenon might be due to the collisionally
deposited vibrational energy detaching the sodium cation preferentially rather than
generating other fragments, thus generating only neutral, undetectable fragments.
On the other hand, IRMPD at the chosen conditions does not seem to have the same
effect when there is only one sodium adduct on the precursor ions, showing the men-
tioned fragmentation pacts (Fig 5.2.d), with a preference for cleavages in positions a
and f.
The spectrum in Figure 5.2.e shows the fragmentation pattern of a doubly-charged
TPGS precursor. As in the case of singly-charged TPGS, two abundant peaks cor-
responding to a and f fragment ions can be observed. In the case of the doubly-
charged TPGS, however, the most abundant peak seems to correspond to the loss
of a sodium cation, generating the [TPGS+Na]+ fragment. Peaks corresponding to
doubly-charged a and f ions can be observed, constituting the third most abundant
series of peaks and attesting the preferential cleavages of their termini. Series of b,
c, d, e, f, and g ions with different internal PEG losses can be observed at minor
intensities, with the b, c, and e ions observed as singly and doubly-charged. The
complete peak assignment for the spectrum in Figure 5.2.e can be found in table
C.3 in the Supporting information. A fragment ion scan for a TPGS2+ peak has
been extracted from the 2D ECD MS spectrum of TPGS and reported in Figure
5.2.h: it shows the fragmentation pattern of the selected precursor ion with ECD
as fragmentation technique. It can be seen that the two spectra (Figures 5.2.e and
5.2.h) are almost completely different, with the exception of the peak corresponding
to the loss of a sodium adduct. Interestingly, one of the major fragmentation path-
ways in the ECD of TPGS leads to the loss of a sodium cation, and, in this case, no
charge-reduced species is observed. The most abundant species in the spectrum is
represented by d fragment ions, followed by e and f ions with different internal PEG
losses. d and e fragment ions derive from cleavages close to the carbonyl groups of
the tocopheryl head. The presence of an a ion is reported at a very low abundance,
above all compared with the IRMPD fragment ion scan of the same TPGS species.
The presence of h ions has been detected, corresponding to the fragmentation of the
PEG chain with retention of the charge on the terminus that contains the tocopheryl
head. The complete peak assignment for the spectrum in figure 5.2.h can be found
in table C.6 of the supporting information.
Spectra in Figures 5.2.f and 5.2.i are generated by the extraction of a fragment ion
scan of [TPGS+3Na]3+, respectively from the 2D IRMPD MS spectrum and 2D
ECD MS spectrum. Figure 5.2.f shows peaks corresponding to the loss of one or
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two sodium adducts, and mostly cleavages in position a, with formation of different
singly- and doubly-charged a ions with different internal PEG losses. For the selected
precursor ion, an h fragment is observed, but surprisingly no f fragment ions were
reported. Figure 5.2.i shows a peak corresponding to the loss of two sodium adducts,
but no peaks corresponding to a single sodium adduct. As shown in the fragment ion
scan of TPGS2+, cleavages are preferred in position d and e, for which respectively
two and three peaks are reported, with different internal PEG losses. Even for
this spectrum, the presence of h fragment ions is detected. It is noticeable that
for both the fragment ion scans of the TPGS3+ ions an increased number of peaks
due to harmonics (indicated with a * symbol) can be recognised. This is due to
the fact that these lines have been extracted from precursors in the low part of
the 2D mass spectrum (bottom left of Figure 5.2.a), in which noise peaks due to
harmonics converge. See supporting information (Tables C.4 and C.7) for complete
peak assignment of spectra in figures 5.2.f and 5.2.i.
Previous detailed studies on TPGS using high resolution FT-ICR MS/MS employed
CAD, EID, and ECD as fragmentation techniques [205]. Although EID did not show
any fragmentation, CAD and ECD were essential for the characterisation of different
TPGS mixtures. The fragment ion scans reported in this work for TPGSn+ (n =
1, 2, 3) with IRMPD as fragmentation technique contain an amount of information
which is comparable to that obtained with the different isolations and fragmentations
with CAD reported in the work of Wei et al. for the FT-ICR MS/MS analysis
of TPGS [205]. Although CAD MS/MS gave more fragmentation of the polymer
chain, generating series of fragment ions with the same cleavage and different internal
PEG losses, the same cleavages (a to h) are reported for both the 1D and the 2D
FT-ICR MS experiments. However, in 2D MS all the information is retained in a
single experiment, with all the species fragmented at once and subsequent saving
in time and sample. Furthermore, use of IRMPD to fragment all the species at
once allowed the generation of fragments from singly-charged TPGS species, which
was not reported for CAD MS/MS in the previous work. The situation is slightly
different when comparing the fragment ion scans of TPGSn+ extracted from the 2D
ECD mass spectrum in Figure C.4 with the ECDMS/MS spectra of the same isolated
and fragmented precursors reported in the work of Wei et al. Comparing the 1D and
2D ECD MS results of [TPGS+2Na]2+, the results are again comparable, showing
the same preference for cleavages in d and e position and the overall presence of d, e,
and f ions in both the spectra. The 1D and 2D ECD MS results of [TPGS+3Na]3+,
however, differ in the number of detected ions, much lower in 2D MS although
retaining the information of d and e as preferential cleavages for ECD of TPGS.
The non-detection of some fragment ions reported by Wei et al. might be due to
the presence of harmonics in the lower part of the 2D mass spectrum, or the low
abundance of the fragment ion species in the fragment ion scan. In fact, while in
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1D MS transient accumulations are possible in order to increase the signal-to-noise
ratio and identify more ion species, spectra generated by extraction of different lines
from a 2D spectrum correspond to a single 1D scan.
Finally, a fragment ion scan for doubly-charged Di-TPGS has been extracted from the
2D mass spectrum in Figure 5.2.a, generating the mass spectrum showed in Figure
5.2.g. Figure 5.2.g shows the fragmentation pattern of Di-TPGS2+ with IRMPD as
fragmentation technique. The structure of Di-TPGS is reported in Table 5.1, and
consists of two lypophylic tocopheryl heads connected through a succinate diester
linker to a hydrophilic PEG chain. The nomenclature for the cleavages reported in
the tocopheryl and succinate components, and in the PEG chain is the same as the
one showed in Figure 5.2. As for the case of TPGS2+, fragmentation of Di-TPGS2+
with IRMPD generates a high intensity peak due to the loss of a sodium adduct.
The presence of high intensity peaks corresponding to a and f ions both singly and
doubly-charged constitute another similarity with the fragment ion scan of TPGS2+
of Figure 5.2.e, showing a strong preference for those cleavage sites. In the spectrum
in Figure 5.2.g the presence of an e ion and c2+ d2+ ions is observed, but none of
the mentioned ions exhibits internal PEG losses. Due to its structure containing two
tocopherol succinate components and due to the strong preference for cleavages along
those parts of the macromolecule instead of the PEG chain, the formation of internal
ions with cleavages in both terminal heads is expected. Fragments corresponding to
internal ions are indicated with the letter indicating the cleavage position in one of
the heads followed by the number of PEG units as subscript, and the letter indicating
the cleavage position in the other head of the molecule. E.g. the ion anf indicates
an internal ion of Di-TPGS with a cleavage in position a in one of the heads, n
units of PEG, and a cleavage in position f on the other head. Since the molecule
is nominally symmetrical (i.e. there are no differences between the two heads of
the molecule and in the PEG chain, being it a homopolymer) there is no need nor
a way to determine which of the two heads is considered the first or the second in
the proposed nomenclature. In the spectrum in Figure 5.2.g a series of different
internal ions can be observed, including singly and doubly-charged ana and anf,
and doubly-charged fnf. Even in this case, no series of ions with internal PEG
losses are observed. All the peaks have been assigned with high mass accuracy, and
reported in Table C.5 of the supporting information. Finally, a fragment ion scan
for a precursor sample of doubly-charged Di-TPGS has been extracted from the 2D
ECD spectrum and shown in Figure 5.2.j. As for what is shown in Figure 5.2.h
for TPGS2+ under the experimental ECD conditions, ECD spectra of Di-TPGS2+
generate peaks corresponding to the loss of a sodium adduct and fragment ions with
preference for cleavage in the d position. Dissimilarly from the previous case in
Figure 5.2.h, although, no e ions are observed. The two d ions reported in the figure
differ for the presence of an extra sodium and an electron captured during ECD. No
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charge-reduced species is observed, but the presence of an f ion is reported. Peaks
corresponding to internal fragments are present, but the favourite cleavages shifted
to cnd and cne (see Table C.8 in the supporting information for complete peak
assignment). For both the fragment ion scans corresponding to the fragmentation
patterns of Di-TPGS2+ with IRMPD and ECD, no internal PEG losses have been
observed. This is probably easier to understand hypothesising that the internal PEG
losses might occur towards the end of the PEG chain, where the end-atom of H might
be easier to transfer to the end of the new chain. Such situation is plausible above all
with ECD and IRMPD as fragmentation techniques, with mechanisms based on the
hydrogen-transfer model [89]. Since in the case of Di-TPGS the end-groups of the
polymer are both tocopheryl succinate components, such internal PEG loss might
be impeded.
The strong preference for the cleavage in positions a and f for singly- and doubly-
charged TPGS, and for the loss of sodium from doubly-charged TPGS and Di-TPGS
under IRMPD conditions generate high intensity peaks in correspondence of the m/z
of these ions, that can be observed directly on the two-dimensional map. The lines,
highlighted in red in the IRMPD 2D mass spectrum, represent the major cleavages
for the mixture, providing a mean of characterisation of the polymer in the mixture
at a first sight, almost like a fingerprint for polymer mixtures. The lines a and f
on the IRMPD 2D mass spectrum of Figure 5.2.a represent signals corresponding
to the generation of singly-charged a and f ions from singly-charged (top left) and
doubly-charged TPGS (bottom right), and doubly-charged fragments (a2+ and f 2+)
from doubly-charged TPGS (bottom left).
5.3.3. 2D MS analysis of Polysorbate 80
Figure 5.3 shows the results for the 2D MS analysis of Polysorbate 80 in pure ace-
tonitrile with 1mM Na2SO4. The resulting IRMPD 2D mass spectrum is shown
in Figure 5.3.a (right), with the extraction of the autocorrelation line (5.3.b), two
neutral-loss lines (5.3.c and 5.3.d) and a horizontal fragment ion scan (5.3.e).
The IRMPD 2D mass spectrum in Figure 5.3.a exhibits a clear autocorrelation line.
Evidence of fragmentation is shown prevalently atm/z lower than the autocorrelation
line in the horizontal dimension, indicating at first sight that most of the fragments
come from singly-charged ions. Amongst the peaks on the left side of the two-
dimensional map, several neutral-loss lines can be observed, and two of them are
highlighted (marked with c and d). Curved lines departing from the bottom part
of the spectrum can be observed, constituting as explained harmonic lines. The
characteristics of the IRMPD 2D mass spectrum in Figure 5.3.a are shown in Table
5.2.
Analysis of the autocorrelation line is shown in Figure 5.3.b. Several overlapping
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distributions can be observed, but the resolving power offered by the FT-ICR tech-
nique allows for clear differentiation of very narrow peaks. An example is reported
in the insert of the spectrum, showing the array of peaks within about 12 Da. As-
signments were made by determination of the end-group masses through the method
explained previously [241, 242, 243, 240], and correct m/z matching with the ex-
pected species using Na+ as an adduct. Free PEG, sorbitan polyethoxylates, and
isosorbide polyetoxylates were found in the autocorrelation line, together with peaks
identified through further investigation as corresponding to the same molecules sub-
jected to different kinds of esterification. According to the literature, Polysorbate
80 is the product of a reaction of fatty acids with sorbitol in the presence of an
acid catalyst, which generates a mixture of sorbitan polyethoxylates, polysorbate
diesters, polysorbate monoesthers, and free PEG (Figure 5.1). The most commonly
used fatty acids are oleic (C18H34O2), linoleic (C18H32O2) or stearic (C18H36O2)
acid. Based on the m/z of their distributions and further analysis of their fragmen-
tation, polysorbate monooleate, and isosorbate monooleate and monolinooleate were
assigned. Unexpectedly, products of the esterification of poly(ethylene glycol) and
two of the above mentioned fatty acids were found: PEG monooleate and monoli-
noleate. The complete assignment of the ions on the autocorrelation line of Figure
5.3.b can be found in Table C.9 in the Supporting information.
Figure 5.3.c shows the neutral-loss line corresponding to the mass of the oleic acid
fragment lost as a consequence of infrared multiphoton dissociation in the ICR-cell.
The generated mass spectrum shows all the singly-charged precursor ions that lost an
oleic acid fragment during the fragmentation period, and hence all the singly-charged
precursors esterified with oleic acid. Isosorbide polyethoxilate monooleate, sorbitan
polyethoxilate monooleate, and PEG monoleate ions were assigned and are labelled
in Figure 5.3. Similarly, Figure 5.3.d shows the neutral loss line corresponding to the
loss of a linoleic acid fragment. In this case, the generated mass spectrum shows all
the singly-charged precursor ions that lost a linoleic acid fragment during fragmenta-
tion with IRMPD, hence all the singly-charged precursors esterified with linoleic acid.
Isosorbide polytethoxylate monolinoeleate and PEG monolinoleate were assigned.
Diester products were not found in any of the extracted neutral-loss lines. The two
neutral-loss lines are reported at the same ion intensity scale to provide a compari-
son between the relative abundance of the oleated and linoleated species, showing a
higher abundance of the monooleated PEG and isosorbide polyethoxylates compared
to their linoleated homologous. Extraction of neutral-loss lines like the ones showed
in Figures 5.3.c and 5.3.d is a unique feature of 2D FT-ICR MS and it has proven
helpful in the ion assignment of the different polymeric components of the analysed
mixture. Polysorbate 80 mixture is an example of the products that can derive from
polymeric synthesis: when dealing with MS polymer analysis of polymeric mixtures,
the number of possible molecules corresponding to a single nominal mass increases
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combinatorially, above all considering that, if not the monoisotopic peaks, different
isotopes of a compound may interfere with the assignment of another compound
because of very similar (even sometimes <0.0001 Da) mass-to-charge ratios. This
situation is exacerbated for low abundant species, whose low intensity peaks can be
influenced by other peaks’ areas, modifying the position of their centroid and infer-
ring with their assignment. It is in the case of such close overlap that, assuming that
the ions in question undergo dissociation in the ICR-cell, extraction of neutral-loss
lines can help with discerning different peaks. Their capability to be used to check
for specific fragment ion loss was particularly helpful in the analysis of this polymeric
mixture. As an example, the monooleate ester of sorbitan polyethoxylate with 31
repeating units and two sodium adducts (m/z 919.5524), the monolinoleate ester of
poly(ethylene glycol) with 14 units and one sodium adduct (m/z 919.5965), sorbitan
polyethoxilate with 37 repeating units and two sodium adducts (m/z 919.5084), and
the isotope A+2 of isosorbide polyethoxylate with 17 repeating units and a sodium
adduct (m/z 919.4928) are all low abundant species with an average difference of
0.04 Da. In an internally calibrated spectrum with a high signal-to-noise ratio and
ultrahigh resolution, using FT-ICR MS to distinguish which peaks correspond to the
two found in the spectrum would not be trivial, but as it often happens, above all
for preliminary studies of new compounds, mass spectra of unknown mixtures are
initially treated with external calibration. Furthermore, the intensity of the ions used
for calibration influences the mass measurement accuracy of low intensity ions in the
spectra, so in a situation of elevated dynamic ranges, even internal calibration could
not guarantee ion assignment with errors under 1 ppm. In the autocorrelation line
of the 2D mass spectrum of Figure 5.3.a, two peaks were found at mass-to-charge
ratios of 919.5367 and 919.6042. Since [(PEG)17 isosorbide polyethoxylate]2+ had
already been assigned, one of those peaks could have easily been mistaken for being
part of its isotopic distribution. The four ions mentioned above all bore errors above
5 ppm when compared to the peaks in the spectrum, so their assignment based only
on the m/z of the peaks on the autocorrelation line was challenging. However, ex-
tracting the neutral-loss lines corresponding to the loss of oleic acid and linoleic acid
from singly and doubly-charged precursors, peaks could be observed at the m/z of
[(PEG)31 sorbitan polyethoxylate monooleate +2Na]2+ and [(PEG)14 monolinoleate
+Na]+, giving further information for a successful peak assignment. The neutral-loss
line of all the doubly-charged precursors that lost an oleic acid fragment is shown in
Figure C.5 in the Supporting Information. The generated mass spectrum shows only
the presence of a distribution of sorbitan polyethoxylate monooleate. The intensity
of the shown peaks is similar to the intensity of the linoleated precursors shown in
Figure 5.3.d.
Fragmentation of the different compounds of Polysorbate 80 polymeric mixture could
be examined extracting the horizontal fragment ion scans for a sample of each species.
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An example is reported in Figure 5.3.e for PEG12 monooleate (m/z 833.5597). The
mass spectrum reports the fragmentation pattern of the macromolecule at the ex-
perimental conditions of IRMPD. The most abundant fragment ion in the spectrum
is represented by the loss of the fragment corresponding to the oleic acid, with the
formation of a B ion with all the repeating units of PEG. The nomenclature used for
this analysis has been proposed by Cerda et al. for the tandem mass spectrometry
analysis of PEG, initially performed with ECD [245] and subsequently compared
with CAD MS/MS [246]. The dissociation mechanisms of PEG with CAD and ECD
are similar, and start with the capture of a hydrogen species (H+ for CAD and H•
for ECD) by an oxygen ether of the homopolymer to trigger a chain cleavage that
brings to the formation of A, B or C ions. A ions are generated by the loss of [44(x-
y) + (RH)], B ions are generated by the loss of (44y+ROH), and C ions represent
internal PEG losses, 44(x-y). 44 is the nominal mass of PEG’s repetitive units.
In the mass spectrum of Figure 5.3.e, five B ions and three A ions with different
numbers of repetitive units can be observed. In CAD MS/MS analysis of PEG100,
complementary A and B ions could be observed [246], but in this case the m/z of
the complementary ions of the A and B ions found in the fragment ion scan would
have been too low to be detected. Another interesting case is the formation of ion
B12 (loss of 44y+ROH), in which y = 0 and R = oleic acid. Other than extensive
fragmentation of the poly(ethylene glycol) chain, the fragment ion scan showed low
intensity peaks corresponding to the fragmentation of the oleic acid chain. One of the
most challenging parts of the analysis of different fatty acids regards the position of
the double bond. The representation of PEG12 monooleate in Figure 5.3.e shows the
cleavages assigned for the molecule. The complete peak assignment for the fragment
ion scan of m/z 833.5587 can be found in Table C.10 in the supporting information.
Fragment ion scans have been extracted for different compounds assigned to the auto-
correlation line. The major peaks found for each ester of PEG, sorbitan polyethoxy-
late and isosorbide polyethoxylate corresponded to the loss of the fatty acid fragment
they were esterified with (oleic acid or linoleic acid).
The ECD 2D mass spectrum, whose characteristics can be found in Table 5.2, is
shown in Figure 5.3.a (left). As for the previous case, a clear autocorrelation line
can be recognised, but no evident neutral-loss lines or fragment ions in the lower
part of the spectrum can be observed, compared to the case of the IRMPD 2D mass
spectrum of the same polymeric mixture. Instead, two characteristic diagonal lines
can be observed on the low left of the spectrum, one similar to an electron-capture
line, and the other representing a preferential fragmentation channel as for the red
lines described in the IRMPD 2D mass spectrum of TPGS. Vertical signal strips can
be observed for a horizontal mass range between mass-to-charge ratios of 700 and 900.
Those lines represent the scintillation noise [180]. The urQRd algorithm included
in the processing of the two-dimensional mass spectra of this work (rank 15 for the
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spectrum in Figure 5.3.a) helped to minimise it, and, even if it is visible, its presence
did not substantially hinder correct mass assignments of the autocorrelation line and
fragment ion scans. A curved harmonic line can also be observed at the bottom of
the 2D mass spectrum.
The autocorrelation line extracted from the ECD 2D mass spectrum of Polysorbate
80 shows, as expected, m/z corresponding to free PEG and isosorbide polyethoxi-
lates, and their oleated and linoleated esters, and sorbitan polyethoxilates and their
oleated esters could be found. Comparing the autocorrelation lines from 2D IRMPD
and ECD analysis, however, a clear difference in the dynamic range and in the ion
intensities can be observed. In the autocorrelation line of the 2D ECD mass spec-
trum, the doubly-charged sorbitan polyethoxilates and their monooleated esters (the
only compounds that have been assigned with more than one charge) are higher in
intensity compared to what happens with the 2D IRMPD MS. This phenomenon of
intensity magnification on the autocorrelation line of the peaks that fragment the
most has been observed and described for the 2D MS of TPGS, and can be observed
in this direct comparison of 2D MS analyses of Polysorbate 80 (Figure C.6 in the
Supporting Information).
ECD tandem mass spectrometry of Polysorbate 80 has been scrutinised extracting
the fragment ion scans of the doubly-charged precursors found. An example is re-
ported in Figure 5.3.f for [(PEG)32 sorbitan polyethoxylate monooleate +2Na]2+
(m/z 941.5656). The generated mass spectrum shows the fragmentation pattern of
the selected ion at the experimental ECD conditions. The most abundant peak of
the spectrum corresponds to the loss of a sodium cation, with the consequent drop
in charge (m/z 1860.1419). The ion at m/z 1617.8783 is the second most abundant
in the spectrum, and corresponds to the fragmentation of the oleic acid between
the carbonyl group and the adjacent oxygen, with coordination of an extra atom of
sodium. After that, a loss of PEG and water (44y+ROH, where y = 1 and R = H)
brings to the formation of a B31 ion plus a coordination sodium at m/z 1555.8401.
The ion at m/z 1533.8599 counts a loss of about 22 Da, which seems to suggest
the loss of the coordination sodium for a proton, with the formation of a B31. The
explanation for this peak can be found in the structure of sorbitan polyethoxylate
esters, reported in Table 5.1. Poly(ethylene glycol) chains are attached to four sites
of the sorbitan component: if the fragmentation occurs in the chain where the oleic
fragment was previously attached that after dissociation includes an extra oxygen
coordinated with sodium the sodiated Bn-1 ion is formed. If the dissociation with
the loss of PEG+water occurs in one of the other PEG chains, a standard Bn-1 ion is
formed instead. Finally, in the fragment ion scan of the selected sorbitan polyethox-
ilate monooleate ion, another ion, B29, is observed. The complete peak assignment
for the spectrum in Figure 5.3.f can be found in Table C.11 in the supporting infor-
mation.
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Different fragment ion scans have been extracted for sorbitan polyethoxylates monoleate
with different number of repetitive units, and all of them reported a peak correspon-
dent to the loss of a sodium adduct, the loss of the oleic fragment with cleavage
CO-O and coordination of an extra sodium, and finally the formation of a sodiated
or non-sodiated Bn-1 ion. The abundance of the peaks corresponding to the loss
of sodium and the oleic fragment determine the formation of the above-mentioned
diagonal lines on the ECD 2D mass spectrum. The sodium-loss line, indicated in
red on the spectrum of Figure 5.3.a (left) and the lettering “-Na” is similar to an
electron-capture line, whose equation would be y = x/(n/z) with n the charge of the
precursor that lost a charge after electron capture and z is its new charge. In this
case, assuming that sodium cations are the only adducts that charge the ions in the
mixture, the equation is y = (x+ (n− z)mNa+)/(n/z), or y = (x+mNa+)/2.
5.3.4. 2D MS analysis of PMMA
Finally, a method to analyse polyacrylates with 2D MS has been developed, using
poly(methyl methacrylate) as a model. PMMA (5kDa) has been chosen for its rea-
sonable average mass and its homopolymeric nature. 2D MS analysis of PMMA
using ECD as the fragmentation technique is shown in Figure 5.4.
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Figure 5.4.: Two-dimensional analysis of PMMA (5 kDa) in pure acetonitrile and
1mM Na2SO4, using ECD as fragmentation technique. (a) ECD 2D
mass spectrum of PMMA. Curved lines are given by harmonics. (b) Au-
tocorrelation line extracted from the 2D mass spectrum. (c,d) Fragment
ion scans for the triply- and quadruply-charged ions of PMMA.
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Figure 5.4.a shows the resulting ECD 2D mass spectrum, whose characteristics can
be found in Table 5.2. As for the previous cases, a clear autocorrelation line can
be recognised, together with abundant signals corresponding to intense fragmenta-
tions forming characteristic diagonal lines. Several curved lines corresponding to
harmonics can be observed departing from the bottom of the spectrum.
The autocorrelation line is extracted and shown in Figure 5.4.b. It exhibits a very
complex mixture of PMMA distributions with different charge states, ranging from
1+ to 4+. All the charge states are given by the coordination of Na+ as an adduct
in solution. End-groups have been determined for the peaks present in the mixture,
reporting only the presence of two hydrogen atoms as termini.
Fragment ion scans have been extracted for [PMMA + nNa]n+ (n = 2, 3, 4) in
order to study the fragmentation patterns of PMMA with different charge states at
the experimental ECD conditions. Figure 5.4.c shows the fragmentation pattern of
[(MMA)40Na3]3+ as an example of fragmentation pattern of PMMA3+. The most
abundant fragment ion peak corresponds to the loss of a radical methyl group from
the polymer. This methyl loss is accompanied by a charge reduction of the molecule
without any sodium loss. This phenomenon has previously been observed in dis-
sociation studies of cyclic peptides with ECD, and can be explained with the free
radical cascade model, a secondary fragmentation path of the used dissociation tech-
nique [104]. According to the free radical cascade path, the capture of an electron
by the molecule generates a radical cation, which subsequently triggers a series of
fragmentations by loss of radicals, such as CH3•. These losses would leave the for-
mer molecular ion with all the positively-charged adducts, but with a reduced overall
charge. The intermediate charge reduced species has not been observed. The nature
of the repeating unit of PMMA (Figure ??) allows the capture of an electron along
the pi* orbital of its carbonyl group, as hypothesised in the Utah-Washington mech-
anism of ECD [247, 103]. Following the electron capture, two possible –CH3 groups
can be possibly lost, with the higher probability lying on the methyl group in position
alpha with respect to the carbonyl double bond. The second most abundant peak,
still several orders of magnitude lower than the peak corresponding to the methyl
loss, is a peak in which a sodium atom is replaced by a hydrogen without any further
loss in charge. Other peaks in the spectrum correspond to internal MMA losses,
reported with two sodium cation adducts, [(MMA)37Na2]2+ (m/z 1874.9622) and
[(MMA)33Na2]2+ (m/z 1674.8655). Figure 5.4.d is the mass spectrum generated by
the fragment ion scan of a peak of PMMA4+, [(MMA)42Na4]4+. The most abundant
peak, in this case, corresponds to the break of the poly(methyl acrylate) chain with
loss of two sodium cations, [(MMA)37Na2]2+. The other most abundant peaks show
the loss of respectively two, for [(MMA)42Na4 -2CH3•]2+, or one, for [(MMA)42Na4
-CH3•]3+, methyl radicals without any loss of sodium cations. A peak correspondent
to [(MMA)39Na3]3+ (m/z 1324.3240) is also observed. Complete assignments for the
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spectra in figures 5.4.c and 5.4.d are reported in the supporting information (Tables
C.12 and C.13). For both the spectra, peaks assigned to experimental noise are
indicated with a * symbol. Extraction of fragment ion scans of the doubly-charged
precursor reported only the fragment corresponding to the loss of a methyl group.
In 2011, Miladinović et al. [204] reported the first study of electro-sprayed poly-
acrylates analysed with ECD FT-ICR MS/MS. ECD of doubly charged precursor
ions of PMMA generated only one fragment ion: a singly-charged ion with the loss
of a methyl group. ECD of the equivalent triply charged precursor ions produced
the same fragment in both its singly- and doubly-charged forms; it was subsequently
determined that the singly-charged products formed via the reaction of an electron
with a doubly-charged fragment. The presence of the ions reporting a methyl loss
in Figures 5.4.c and 5.4.d can be explained by the free radical cascade dissociation
reported by Leymarie et al. However, Miladinović et al. proposed a similar mecha-
nism. The proposed mechanism for the process involves the capture of an electron
by the carbonyl group, followed by cleavage of the CH3 radical and formation of a
carboxylate ion. The negative charge of such group contrasts the positive charge
retained by the adducts still coordinating the structure, reducing the total charge of
the molecule by one, without losing any Na+ [204]. This mechanism would explain
the presence of the second most abundant peak in Figure 5.4.c, in which a hydrogen
seems to have replaced a sodium atom, previously not observed by Miladinović et al.
It is hypothesised that a sodium cation is lost and the carboxylate anion is stabilised
by acquiring a hydrogen atom during fragmentation. The loss of a sodium cation
and neutralisation of the negative charge from the carboxylate anion would leave the
total charge of the molecule as it was before this rearrangement, as it is shown in the
spectrum of Figure 5.4.c. Another difference observed between the study conducted
with standard 1D MS/MS and this two-dimensional study of PMMA is the presence
of peaks corresponding to internal MMA losses in the fragmentation patterns of the
triply- and quadruply-charged ions obtained from the ECD 2D mass spectrum, ab-
sent in the tandem mass spectra shown in the work of Miladinović et al [204]. It
is hypothesized that isolation of the precursor ions plays an important role in the
formation of chain fragments with internal MMA losses because it is the only step
not present in 2D MS.
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Figure 5.5.: Two-dimensional analysis of PMMA (5 kDa) in pure acetonitrile and
1mM Na2SO4, using IRMPD as fragmentation technique. (a) IRMPD
2D mass spectrum of PMMA. (b) Fragment ion scans for a quadruply-
charged ion of PMMA. Unassigned peaks are indicated with a “?”, while
experimental noise is indicated with a * symbol.
2D MS has been used to analyse PMMA with IRMPD as fragmentation technique,
and the resulting two-dimensional mass spectrum is reported in Figure 5.5.a, to-
gether with the extraction of a fragment ion scan 5.5.b. As for the 2D MS analysis,
fragment ion scans have been extracted from the 2D mass spectrum, corresponding
to a triply-charged precursor, [(MMA)40Na3]3+ (m/z 1357.6935) and a quadruply-
charged precursor, [(MMA)42Na4]4+ (m/z 1074.0436).
The analysis of the fragment ion scan from PMMA4+ shows different peaks cor-
responding to internal MMA losses, with reduction of the polymer chain length.
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PMMA31 was observed both in its triply- and doubly-charged form, while the other
ions assigned as PMMA ranged between 1 and 3 positive charges given by their
sodium adducts (see Table C.14 for complete peak assignment). In the spectrum,
there are also peaks that remain unassigned correspondent to triply-charged ions,
at m/z 1080.2121 and 1591.1364, and quadruply-charged ions, at m/z 837.3753 and
837.5025. The triply-charged ion at m/z 1591.1364 is of particular interest because
its convoluted mass is higher than the convoluted mass of the precursor ion. Such fact
indicates that the precursor or a particular fragment from the precursor underwent
molecular reaction during the fragmentation period in the ICR cell. Its m/z is in fact
similar to [(MMA)47Na3]3+ (m/z 1591.149173). The presence of quadruply-charged
ions indicates the event of a neutral loss or rearrangements amongst fragments that
brought to such total number of charges.
The fragment ion scan of PMMA3+ exhibited a more curious fragmentation pattern.
Although some internal MMA losses were reported, several triply-charged peaks close
to the precursor ion were found.
5.4. Conclusions for Chapter 5
2D MS has proven to be a powerful and versatile analytical technique for the analysis
of proteins and peptides, and, in this work, it is used to develop a method for the
analysis of complex polymeric mixtures. Preliminary studies have been performed
on two polymeric mixtures commonly used as excipients for pharmaceuticals, TPGS
and Polysorbate 80, and on a versatile and ubiquitously-used homopolymer such
as PMMA, using IRMPD and ECD 2D MS. 2D MS proved to be suitable for the
analysis of polymers, bearing the information of MS/MS experiments in a single two-
dimensional run, and offering unique features, such as the extraction of neutral-loss
lines, and recognition of preferential fragmentation sites for the polymer compounds
through characteristic diagonal lines on the 2D map. The information extracted from
the autocorrelation line can be used to determine the polymers’ end-groups, and
further detailed information is obtained thanks to the simultaneous fragmentation of
all the peaks in the mixture, providing information equivalent to MS/MS of all and
every precursor in the sample. For all the analysed samples, comparable information
is obtained with standard 1D MS/MS with the same fragmentation technique. In the
reported case, for TPGS information obtained with 1D CAD MS/MS is comparable
with the information obtained by extraction of the fragment ion scans from the
IRMPD 2D MS. For Polysorbate 80, these experiments represented the equivalent
of the first high resolution tandem mass spectrometry performed on the mixture,
due to the fact that with standard 1D MS/MS it would be very difficult to isolate a
single species in the quadrupole before fragmentation, because of the complexity of
the full mass spectrum.
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The following chapter describes studies whose completion will demonstrate further
improvement, development and applications of two-dimensional mass spectrometry.
Being the technique still in development, optimisation of the descrete pulse sequence
used to achieve 2D FT-ICR MS is required for different techniques. In this chapter,
optimisation of 2D FT-ICR MS for use with electron-capture dissociation is studied,
using both a one variable at a time (OVAT) approach and a multivariate study. The
technique is subsequently applied to another class of notorious molecules, expanding
the use of 2D MS as a powerful analytical tool for glycomics. Finally, development
in the hardware for two-dimensional mass spectrometry is explored, presenting the
design and realisation of a novel ICR-cell.
6.1. OPTIMISATION OF TWO-DIMENSIONAL MASS SPECTROMETRY FOR
ECD STUDIES CHAPTER 6. NEXT STEPS
6.1. Optimisation of two-dimensional mass spectrometry
for ECD studies
All the experimental work of this thesis demonstrated that 2D FT-ICR MS is a
valuable analytical technique, with several unique features that constitute clear ad-
vantages compared to other mass spectrometry techniques. However, being the tech-
nique still in development, it presents challenges that need to be overcome in order
for it to be enstablished as a routine MS technique. Amongst the main disadvantages
of 2D MS, the impossibility to signal-average in the horizontal dimension diminishes
the sensitivity of the technique to fragment ions. In 1D FT-ICR MS it is in fact pos-
sible to acquire multiple scans, with a signal-to-noise ratio improved by the square
root of the number of the scans. This feature is not possible in 2D MS. I.e. fragmen-
tation techniques with low fragmentation efficiencies that would produce fragments
not readily visible unless the signal is accumulated would not be very effective in 2D
MS.
The low fragmentation efficiency of ECD accentuates this problem when the acti-
vation is used for TDP. In the MS/MS analysis of entire proteins, in fact, although
activation via ECD shows the visible production of charge-reduced species, further
fragments will not appear on the spectrum unless the transient is averaged for a
larger number of scans (usually between 200 and 500). Furthermore, tuning in 2D
MS is different from 1D MS, as explained in Chapter 2, making the fragmentation
of the analytes even more challenging. However, the activation technique can still
be optimised for an improved fragmentation efficiency, through ion manipulation in
the ICR-cell with the pulse programme used to perform 2D MS.
The pulse programme used for 2D FT-ICR MS experiments needs to be optimised in
order for the ions in the cell to be modulated, fragmented, and detected using ECD
with a hollow cathod [248]. The hollow cathod emits a linear “tube-shaped” electron
beam, with no electrons at the center. It has been hypothesized that the highest
fragmentation efficency would have been where the area of the beam contains more
electrons, which is at a certain radius r from the center of the hollow beam.
To test this hypothesis, a custom pulse program was written, based on the one used
to optimise 2D MS with IRMPD [178], in a way that the ions, starting at the center
of the cell, were subjected to an excitation pulse prior to fragmentation and detection
(see Figure 2.2). The amplitude of the initial pulse was kept at 10.42 Db, while the
pulse length was incremented from 0.1 to 4 µs, with increments of 0.1 µs.
The preliminary optimisation was tested on Substance P (SubP) 1 pm/mL in 0.1%
formic acid. For each increment of the pulse length, a one-dimensional ECD/FT-
ICR MS/MS spectrum was recorded (signal averaged for 20 scans) isolating and
fragmenting the doubly charged ion of SubP. The c’ and c ions, ion (a+1)7, ion z 9,
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Figure 6.1.: Fragmentation efficiency of SubP with ECD as a function of the pulse-
lenght of the initial excitation pulse. It can be seen that there is a
maximum at about 1.7 µs, when the ions are supposed to be in the area
of the beam more “dense” in electrons.
and the charge reduced species [MH]2+ were used to calculate the fragmentation
efficiency, %F according to the following equation:
%F =
∑
If∑
If + Ip
Where If is the intensity of a fragment ion, and Ip is the intensity of the precursor
ion.
The results obtained are plotted in Figure 6.1. From the graph, it can be seen that
with a small initial pulse the ions are already in the beam area, since a small frag-
mentation can be observed. With each increment, precursor ions are pushed at high
radii until the fragmentation efficiency reaches a point of maximum for an increment
of 1.7 µs, then it decreases. The results confirmed the expected ion behaviour, and
gave a starting point about the order of magnitude of times and voltages to use in
2D ECD/FT-ICR MS.
Although a general idea on how to tune for 2D ECD was reached, the same values
could not be used for the 2D experiments, because the events include a second pulse
before fragmentation in order to modulate ion radii. Repeating the same experiment
for three points using the standard chirped 2D pulse program (Figure 1.29.a) gave
the following results.
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Figure 6.2.: Fragmentation efficiency of SubP as a function of the pulse lenght of P1
and P2 in the 2D ECD/FT-ICR MS experiment. After three seconds,
the ions are not at a radius outside of the fragmentation area.
As it can be seen from the graph in Figure 6.2, in case of 2D ECD/FT-ICR MS of
Sub P, with a 3 µs pulse, fragmentation efficiency increases instead of decreasing.
To optimise the method, a multivariate analysis has been chosen, varying the pulse
length and the amplitude of P1 (and P2), respectively the X1 and X2 variables, and
observing how their interaction correlates with the response Y1, the fragmentation
efficiency. At the beginning, it was thought to use a 2k factorial design (with k
number of variables, for a total number of 22 = 4 experiments) as a model, but the
use of only 4 experiments was not sufficient to explain the correlations between the
two variables. A central composite design, CCD (face centered, with two variables),
was used. The CCD allows to estimate the constant, the linear terms, the interactions
between variables and the quadratic terms, according to the following model (usually,
the interactions among more than two terms are not taken into account):
Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X
2
1 + b22X
2
2
Table 6.1 shows the experimental matrix used for the experiment.
Design-Expert® software (version 9, Stat-Ease Inc. Minneapolis, USA) was used to
evaluate the quality of the fit to the model, and to calculate the constants and re-
gression coefficient. Results are explained in Figure 6.3 through the use of a response
surface. From the surface, it can be seen that the the fragmentation efficiency in-
creases with the pulse length of P1 and P2, and, at a minor rate, with the increase in
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Pulse length [μs] b1 Power level (%) [Db] b2 %F
1 -1 (15) 10.42 -1 8.43
3 1 (15) 10.42 -1 36.98
1 -1 (19) 8.38 1 15.62
3 1 (19) 8.38 1 27.28
1 -1 (17) 9.34 0 10.84
3 1 (17) 9.34 0 26.92
2 0 (15) 10.42 -1 18.34
2 0 (19) 8.38 1 24.79
2 0 (17) 9.34 0 18.61
Table 6.1.: Experimental matrix used for the optimisation of 2D FT-ICRMS in terms
of fragmentation efficiency %F. b1 and b2 represent the factors used to
find the coefficients of the model.
excitation power (indicated in Figure 6.3 as percentage power level). It can be seen
that the increase in these two variables causes an increase in fragmentation efficiency,
but, with a pulse length of 3 µs, increasing the excitation power does not increase
the fragmentation efficiency. A local maximum has been found for the fragmentation
efficiency, at 3 µs and 10.42 Db (15% of the excitation sweep).
Figure 6.4 shows the Contour plot of the experimental design. The lines connect
all the values of pulse length and power level that give the written %F. It confirms
that to obtain a fragmentation efficiency higher than 30% for SubP at the ECD
fragmentation conditions a pulse length of 3 µs and a power level between 15 and
16% should be used. These results show that after 3 µs at the given excitation powers
SubP’s ions are not pushed at a radius outside of the electron beam. The design
has to be optimised to show an absolute maximum similar to the one showed in the
one-dimensional experiment. %F = 36.98 constitutes a local maximum, that will be
used as a starting point for the next experimental design.
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Figure 6.3.: Surface response of the experimental design. It shows the variation of
the fragmentation efficiency with the pulse length and the power level of
the excitation pulses. A local maximum can be found at 3 µs and 10.42
Db (15% of the excitation sweep).
Figure 6.4.: Contour plot of the results. It shows the lines in which the fragmentation
efficiency assumes the written value if the corresponding values for pulse
length and power level are used.
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6.2. Two-dimensional mass spectrometry for Glycomics:
preliminary studies
Carbohydrates are the most abundant and diverse species present in nature. They
occur in nature as heterogeneous mixtures of variable complexity, and are involved in
several biological processes, from energy generation to the regulation of biochemical
pathways.
Structurally, carbohydrates consist in chains whose the most basic unit is constituted
by monosaccharides. Monosaccharides are the simplest form of sugar, the most com-
mon of which are the hexoses, with general formula CnH2nOn, and linear or cyclic
forms. The cyclic form of a monosaccharide generates an anomeric center. Typically,
the hydroxyl group on the anomeric center is involved in the glycosidic linkage that
implicates the connection of a monosaccharide unit to another residue. Glycosidic
linkages are defined as α or β based on the direction of the hydroxyl group involved
in the bond with respect to the plane of the ring. Modifications of monosaccharides
include the loss of one or more oxygen atoms with formation of deoxyacids, oxida-
tion of a hydroxyl group to carboxylic acid to form uronic acid, and amination of a
hydroxyl group, replaced by a primary amine or an acylaminogroup. Chains of two
to ten monosaccharide units constitute oligosaccharides, while over ten units the re-
sulting macromolecules are called polysaccharides. Both oligo- and polysaccharides
are made by the attachment of monosaccharides linked to one another via glycosidic
linkages, and can be observed as linear or branched chains. Polysaccharides are typ-
ically composed by repeating oligosaccharide motifs. Numerous biological processes
derive from specific carbohydrate structures [249, 250, 251].
The importance of carbohydrates in the regulation of different processes in the human
body has been accentuated by the human genome project, in which the number of
identified genes was much lower than the estimated value, leading to the conclusion
that much of the complexity in the human body arises from protein differentiation
rather than a high number of various genes. On the protein level, variation can arise
from many post-translational modifications (PTM’s), the most common of which is
glycosylation [252]: it is estimated that nearly half of the proteins fundamental to
living beings are glycosilated [253]. Glycosylation is the process through which one
or more glycans (mono- or oligosaccharides) are attached to peptides, proteins, or
lipids. The attachment of a mixture of glycans to a protein modifies its structural
properties, including solubility and conformation. Glycosylation of the lipids forming
the external barrier of a cell influence cellular signalling and cell adhesion [253, 254,
255, 256, 257].
The attachment of glycans in specific sites of a protein generates structurally and
chemically diverse glycoproteins. Glycoproteins often exist as mixtures of proteins
sharing the same aminoacid sequence but different glycan structures and allocations:
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these sub-groups are called glycoforms. The most common forms of glycan-protein
bonds are the N-glycosylation and the O-glycosylation. In N-glycosylation, the gly-
can is attached to the nitrogen atom of an asparagine side chain (from which the
name), if the protein contains the consensus sequence N-X-S/T, where N is As-
paragine (or Asn), S is Serine (or Ser), T is Threonine (or Thr), and X is any
aminoacid except Proline (Pro, or P). The N-glycans of upper organisms all con-
tain a core structure called trimannosyl chibitose core [258], a pentasaccaride from
which other oligosaccharide chains can branch. The trimmannosyl chibitose core is
made of three units of mannose (Man) and two units of N-acetyl glucosamine (Glc-
NAc), Man3GlcNAc2. In O-glycosylation, the O-glycans are attached to the hydroxil
group of a Ser or Thr, and they do not have a consensus sequence nor a consistent
core structure, facts that enhance their diversity and the challenge of their analysis
[259, 260].
The study of glycans is called glycomics, and implicates the structural characteri-
sation of the involved macromolecules, their function, and the distribution of glyco-
forms at different levels (cellular, tissue, organ, and organism). Opposite to what
can be applied to other macromolecules (such as overexpression for proteins or poly-
merase chain reaction, PCR, for nucleic acids), there is no method to amplify the
amount of carbohydrates present in a sample, limiting the bioanalysis to what is ob-
tained from natural sources. Furthermore, unlike for what happens to other classes
of biomolecules, a small number of monosaccharides can easily form many stereoiso-
mers, quickly increasing the complexity of their analysis. As a matter of fact, even
the smallest differences in isomerism or chirality may bring different biological activ-
ity. Mass spectrometry (MS) constitutes an important platform for glycomics, due
to its high sensitivity and its ability to deal with complex mixtures. Characterisa-
tion of glycans or glycoproteins through MS is based on obtaining all the structural
information from the mass spectrum, involving tandem mass spectrometry (MS/MS
or MSn) of isolated species with different fragmentation techniques, and sometimes
chromatographic separations and chemical derivatisation, for major elucidation.
In order to characterise the carbohydrate profile of a glycoprotein, glycans need to be
released from the protein moiety. Two general methodologies are available, enzymatic
release and chemical release. Enzymatic methods are preferred for the advatage of
retaining the protein structure for further analysis. N-glycans are released from
glycoproteins through the use of specifc enzymes, endoglycosidases, which remove
most of the glycan from the protein structure, and exoglycosidases, which remove
specific parts of the glycan from the non-reducing end. The most common family
of endoglycosidases for N-glycan release are the protein N-glycosidases (PNGase).
PNGase F releases N-glycans by breaking the bond between the first GlcNAc of the
trimannosyl chibitose core and the Asp, leaving the aminogroup on the sugar intact,
which altough quickly hydrolises to be substituted by an hydroxyl group [261, 262],
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while PNGase F1-F3 leave the innermost GlcNAc attached to the protein. The
latter can be used when more information is needed for specific allocation of the
N-glycans on the glycoprotein. Chemical release involves alkaline elimination and
hydrazinolysis [263, 264, 265], and it is frequently used for O-glycan release.
Released glycans have a reducing end that can be derivatised in order to improve sta-
bility, ionisation efficiency, and to add a stable isotope label or a chromophore for UV
detection (following high-performance liquid chromatography, HPLC) [266, 267, 268].
Another important derivatisation for the characterisation of glycans is chemical
methylation (permethylation) of their -OH, -NH2, and -COOH groups. Perme-
thyation allows uniform ionisation for both acid and basic glycans [266], decreases
the intermolecular hydrogen bonding, enhancing volatility and thus signal inten-
sity [269], and prevents gas-phase rearrangements [270]. The substitution of hydro-
gen atoms from electronegative atoms with a methyl group reduces the polarity of
the molecules, allowing more reproducible LC runs. Finally, permethylation deter-
mines the formation of diagnostic ions in MS/MS, yielding fine structural information
[269, 271, 272, 273, 274, 275, 276].
The most widely used techniques for the ionisation of carbohydrates are matrix
assisted laser desorption/ionisation (MALDI) [25] and electrospray ionisation (ESI)
[31]. Both are defined as soft ionisation techniques, for the low energy that they
impart to the analytes, generating mostly molecular ions with little fragmentation. In
the case of glycans, loss of the most labile groups, especially sialic acid and fucose can
occur. MALDI generates a series of singly-charged ions, with the ionisation efficiency
of neutral analytes being independent from their molecular size. The ionisation
efficiency of ESI decreases with the increase in molecular weight of the analytes [277].
Furthermore, ESI generates multiply charged ions, feature that might complicate
spectral analysis of complex mixtures, but increases the fragmentation efficiencies of
charge-dependent fragmentation techniques such as the electron-based dissociations
(ExD).
Amongst all the mass spectrometric techniques, FT-ICR MS offers the highest per-
formance in terms of resolving power (RP) and mass measurement accuracy (MMA),
reaching routinely RP > 106 and MMA < 1 ppm with 12 T magnets and ultra-high
resolution. The versatility of FT-ICR MS is accentuated by the different fragmen-
tation techniques that can be associated with such instrumentation, offering a wide
range of possibilities for tandem mass spectrometry. Some ExDs, for example, such
as ECD and EDD are prerogative of FT-ICR MS, and have been used to investi-
gate linear and branched oligosaccharides. Extensive cross-link cleavages of metal
adducts of glycans with ECD were demonstrated by the works of Zhao et al. and
Adamson and Håkansson [278, 279], and Wolff et al. elucidated some fragmentation
mechanisms of glycosaminoglycans (GAGs) through the use of EDD [280]. Adam-
son and Håkansson obtained relatively abundant cross-ring cleavages of negatively
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charged N-glycans and milk oligosaccharides [281]. Yu et al. used different ExDs,
ECD, hot-ECD, and EID (see Chapter 1) to characterise an alkalin metal-adducted
permethilated maltoheptaose, allowing for detailed characterisation of the analyte
[282]. Low-energy activation techniques such as CAD and IRMPD produce mostly
glycosidic cleavages, but cross-ring cleavages can be increased by a metal ion binding
to a ring oxygen [283, 284].
With its capability to retain post-translational modifications during fragmentation
of proteins, ECD can be used to sequence proteins and peptides without affecting
their glycosylation sites. IRMPD is able to “knock off” the linked glycans or part of
them from the protein/peptide under analysis, and to produce fragment ions of both
the protein and the glycans, depending on the required power. Both the activation
techniques are performed in the ICR-cell and are compatible with 2D FT-ICR MS.
Given a glycoprotein, it would be possible to identify the glycosylation sites and
sequence the structure with two BUP 2D MS experiments, respectively with IRMPD
and ECD. The loss of a glycan or a glycan unit could be identified for each peptide in
the mixture through the extraction of neutral loss lines, allowing to easily recognise
all the glycosilated peptides. The same peptides could be all sequenced in a single
2D ECD MS experiment. Furthermore, if glycans are extracted from the protein
digest, they can be analysed all at once with 2D MS.
Following these hypotheses, samples of RNAse B and fetuin were digested and sub-
jected to 2D MS analysis, with the goal of identifying their glycoforms with the
smallest number of analyses using the features of 2D FT-ICR MS. RNAse B is a
high-mannose N -linked glycoprotein often used as a model for similar PTM studies,
while fetuin presents several sites of O-glycosylation.
6.2.1. Experimental section
Materials. RNaseB, iodoacetamide, dithiothreitol, and NaOH were purchased
from Sigma-Aldrich (Dorset, UK). Fetuin and PNGase were purchased from Promega
Corporation (Madison, USA). HPLC grade methanol and formic acid (HAc), were
obtained from Fisher Scientific (Loughborough, UK). Water was purified by a Mil-
lipore Direct-Q purification system (Millipore, Nottingham, UK). The kit used for
the tryptic digestion of RNase B and Fetuin was purchased from Thermo Scientific
(Loughborough, UK).
Sample preparation. Aqueous stock solutions of RNaseB and Fetuin were prepared.
Aliquotes of the proteins were digested using the Thermo Scienfic SMART digest kit
according to the manual, performing the digestion for a X h at Y °C and desalting
the peptides using μ-SOLA SPE cartridges, washed twice with acidified water, then
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eluted with 80% ACN/water. For fetuin, different elution steps were performed, us-
ing respectively 10%, 20% 60% and 80% of acetonitrile in pure water. The resulting
peptides were subsequently reduced and alkylated using respectively dithiothreitol
(DTT) and iodoacetamide (IAA). RNaseB (5.8 µM) was dissolved in a 75:25 wa-
ter/acetonitrile (v/v) solution with 0.3% (v/v) of formic acid. Fetuin (6.0 µM) was
dissolved in a 75:25 water/acetonitrile (v/v) solution with 0.3% (v/v) of formic acid.
Mass spectrometry. The mass spectrometry analysis was performed using a solariX
FT-ICR mass spectrometer equipped with a custom nanoelectrospray source, and
IRMPD and ECD capabilities, as described in previous chapters. One-dimensional
control spectra and two-dimensional mass spectra were acquired for the tryptic di-
gests of RNAse B and fetuin, using ECD and IRMPD as fragmentation techniques.
6.2.2. Preliminary results and discussion
The samples of RNAse B and fetuin have been prepared, obtaining for each protein a
mixture of glycopeptides and a mixture of detached glycans. Two-dimensional mass
spectrometry analysis was performed on the glycopeptide mixtures, and the results
are under further investigation.
Figure 6.5 shows the 2D mass spectrum resulting from the analysis of RNAse B with
IRMPD as a fragmentation technique. By extracting the autocorrelation line, the
mixture of glycopeptides is elucidated, showing a wide array of enzymatic cleavages,
in a mass range between m/z 500 and 1500. The figure shows a prominent feature
of 2D MS for the analysis of glycans: the extraction of a neutral-loss line, in this
case showing all the doubly-charged precursor ions that lost a mannose unit during
IRMPD. This feature allows to indicate immediately the peptides with the post-
translational modification.
The spectrum reported in Figure 6.5 represents the first glycoprotein tryptic digest
to be analysed through two-dimensional mass spectrometry. At the moment, further
studies are in progress to realise glycoform assignment through 2D MS, using RNAse
B and fetuin as models.
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Figure 6.6.: Schematic representation of the newly designed compensated cylindrical
cell. The cell is constituted by four quarters (“sides”) forming a cylin-
der. Each side has two external inner trapping rings, a central detection
or excitation plate alternating along the cylinder diameter, and a pair
of three compensation electrodes between the trapping and the detec-
tion/excitation plates. Each plate is separated by ceramic washers.
6.3. A novel ICR-cell for two-dimensional mass
spectrometry
A novel ICR-cell has been designed and built in order to accommodate the needs
of 2D MS, and FT-ICR MS in general, of a better ion population capacity, higher
performances in terms of RP and MMA, and a simpler tuning procedure. Figure 6.6
shows the design of the ion trap, an open compensated cylindrical cell. As explained
in Chapter 1 (see Sections 1.2.1, “Principles of FT-ICR MS”, and 1.4, “ICR cells”),
the ICR-cell is the core of the FT-ICR mass spectrometer, and it is enclosed inside
a superconductive magnet bore in order to guarantee the ion motions at the base
of FT-ICR MS theory. The cylindrical shape allows a perfect enclosing inside the
magnet bore, hence a good linearity of the magnetic fields inside the cell.
As for the design by Brustkern et al. [64], in the new ICR-cell a pair of three
compensation rings (“shim” electrodes) is located between the excitation or detection
plates and the trapping plates. A series of structural choices have been made in order
to improve the design. The diameter of the cell is larger compared to other cylindrical
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Figure 6.7.: Different gold coatings on aluminium samples. The left part of the figure
shows the coating of a piece of aluminium with pure gold: the surface
was not smooth. The sample on the right, a ring of aluminium coated
with a layer of nickel and one of gold, shows a smooth, consistent surface.
cells. Its outer diameter of about 10.4 cm allows the cell to take full advantage of
the diameter of the magnet bore. An increase in diameter results in a decrease in
the radial component of the force acting on ions because of the electrostatic trapping
potential. This larger geometry should reduce the field inhomogeneity experienced by
the ions, improving the achievable mass measurement accuracies. A larger diameter
also allows the cell to contain more ions before the ion clouds start to be affected by
the space-charge effects. In this way, longer transients can be recorded, resulting in
higher resolving powers.
6.3.1. Materials
The cell plates have been realized using wire electrical discharge machining (wire
EDM) by the engineering department of the University of Cambridge. Wire EDM
involves a series of rapid electrical discharges between a micrometre-sized wire and
the aluminium material, causing micrometre sized pieces of the aluminium to erode
away and creating the desired plate geometries. This technique ensures that the tol-
erances of the pieces are kept below 10 μm so that the plates fit together as a cylinder
with a very high degree of accuracy. This will ensure that the electric field created by
the trapping potentials is not perturbed by misalignment of the electrodes. The cell
plates are entirely made of aluminium, material chosen for its paramagnetism, hence
the capability to be inserted in a high magnetic field without interfering with it, and
with the ion motions. However, aluminiun tends to oxidise with time (even in UHV),
and the layer of aluminium oxides can influence the response of the electrodes to the
applied voltages, leading to poor ion motion control and reduced performance. A
smooth, consistent surface on the inside of the cell is needed for a correct ion manip-
ulation. In order to avoid oxidation, the surfaces of each electrode have to be coated
with a layer of a noble metal. A gold-coating has been tested on an aluminium
sample, but the coating created a coarse surface, unapplicable to the purposes of
the ICR-cell, as shown in the left part of Figure 6.7. In order to prevent this phe-
nomenon, a layer of nickel is applied between the gold and the aluminium. The result
is shown in the right part of the figure.
As the cell has to be installed in a 12 T FT-ICR mass spectrometer, all the materials
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Sample M [emu/g] H [kOe] χ [cm3/g]
Al 0.002 10 2.51 x 10
-6
0.017 70 2.51 x 10-5
Al/Ni/Au 0.020 10 1.88 x 10
-5
0.042 70 3.05 x 10-6
Table 6.2.: Magnetic susceptibilities calculated at 10 and 70 kOe, approximately 1
and 7 T for a sample of aluminium, and one of gold/nickel-coated alu-
minium.
used for the plates have to be chosen in a way that the magnetic field does not
magnetize the cell, inducing a secondary magnetic field which would interfere with
ion motion. Magnetic susceptibility, χ, is a measure of the degree of magnetization
of a material, when it is exposed to a magnetic field. It can be calculated by the
equation
χ = M/H
Where M is the magnetisation of the material, and H is the applied magnetic field
strength.
Aluminium is paramagnetic and gold is diamagnetic, but since they do not possess
permanent magnetisation without the presence of an external magnetic field they
are considered non-magnetic elements. On the other hand, nickel is a ferromagnetic
element, with a large magnetic susceptibility when placed in an external magnetic
field. Since the presence of the nickel could cause a significant magnetic field when
placed in the 12 T magnet, the magnetic susceptibility for the different kinds of
gold-coatings was tested and compared to aluminium.
In order to determine the magnetic susceptibility of each sample, the magnetisation
of the material was measured as a function of the applied magnetic field using a vi-
brating sample magnetometer (VSM) by the department of Physics at the University
of Warwick. The results are showed in Figure 6.8.
As expected, the magnetisation increased with the magnetic field: it is lower for the
aluminium sample, and increases with the different gold-coatings. The presence of
nickel makes a big difference compared to the uncoated and only-gold coated mate-
rial. These curves were used to calculate the magnetic susceptibility for each sample
using the quoted equation. The results are summarised in Table 6.2, which shows the
magnetic susceptibility calculated for the aluminium and gold/nickel-coated sample.
These values were compared to the literature for magnetic susceptibility of oxygen-
free high conductivity (OFHC) copper (χ= 2.46 x 10-5 cm3/g) and stainless steel type
316 (SS 316, χ = 2.50 x 10-5 cm3/g) measured at 12 T [285, 286]. OFHC copper is
the material commonly used for the construction of ICR-cells due to its low magnetic
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Figure 6.8.: Variation of magnetization of three materials for the construction of the
cell with the applied magnetic field. As expected, there is an increase
of magnetization with the applied magnetic field H. This is lower for
the aluminium sample (black dots), and increases with the gold-coating
(red square) and the gold/nickel-coating. Calculations showed that the
magnetic susceptibility of the gold/nickel coating is not high enough to
influence the magnetic field of the 12 T magnet.
susceptibility. Comparing with the data showed in Table 6.2, it can be seen that the
magnetic susceptibility of the gold/nickel-coated sample is of an order of magnitude
lower than that of OFHC Cu and SS 316. Although the measurements were done
for 1 and 7 T, since χ diminishes with the magnetic field strength, it is concluded
that at 12 T the nickel will have a negligible effect on the magnetic properties of
the cell. Another precaution was to measure the change in magnetic susceptibility
with temperature. This is of particular importance due to the fact that, in order to
improve their performance, ion traps need to be in UHV: to achieve it, the entire part
of the instrument under UHV (usually a tube containing part of the transfer optics
and the ICR-cell) is periodically subjected to high temperatures in a procedure called
bake-out, in order for the particles inside it to boil and be pumped out of the system.
Figure 6.9 shows that the magnetizations of the aluminium and gold-coated samples
decrease with temperature following a linear trend, without significant changes in
signal intensities. The gold/nickel-coated sample exhibited higher signals at lower
temperatures, which diminished as the temperature increases.
Opposite to what happens in the case of the cell plates, the samples were coated only
on one side. These measurements were repeated positioning the gold/nickel coated
sample with the coating layer perpendicular and parallel to the applied magnetic
field, in order to check whether significant changes in the analysis were present. The
curves in Figure 6.10 show no significant differences with Figures 6.8 and 6.9.
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Figure 6.9.: Variation of magnetization with temperature for all the samples at 1
T. The aluminium and gold-coated samples show a linear trend with a
small decrease in magnetization with the increase in temperature. The
nickel/gold-coated samples exhibits higher values of magnetization at
low temperatures, decreasing rapidly with the increase in temperature.
The calculated values of χ for these responses were low enough to con-
sider the material suitable for the cell.
6.3.2. Assembly
The cell has been assembled as shown in Figures 6.11 and 6.12. Ceramic rods are
connected to the external part of the main electrodes (excitation, detection, inner
trapping) in order to give stability to the structure, and hold the sides together by
embedding into the outer trapping plates. They have minimal flexibility, in order to
support the entire cell structure. The ceramic rods are inserted into the alignment
rings to keep a correct alignment of the plates, and are fixed to the plates through
aluminium clamps. The clamps are bolted to the plates, but the bolts do not pene-
trate the inside of the cell, keeping the inner surface completely flat. Ceramic washers
are inserted to avoid direct contact between different electrodes, and small ceramic
rods (not shown in the picture) are inserted inside the compensation electrodes in
order to connect them to their next ones.
The extra two rings outside the cell (towards the background of Figure 6.11) will be
used to attach the cell into an existent, although evolving, instrument setup.
The alignment rings were drilled externally, and Teflon plugs were applied to them
in order to centre the entire cell structure in the flight tube going into the magnet
bore (Figure 6.12). A detailed figure with the shape of the outer alignment ring is
available in the Supporting Information (Figure D.1).
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Figure 6.10.: Magnetization variation with the applied magnetic field (left) and tem-
perature (right) for the gold/nickel-coated sample with the coating layer
parallel and perpendicular to the applied magnetic field.
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Figure 6.11.: The assembled ICR-cell. This picture was taken before the application
of the Teflon plugs on the alignment rings. The ICR-cell is connected
to two external support rings through four aluminium rods (behind
the cell in the picture). The structure allows to isert the cell into a
home-built instrument setup.
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Figure 6.12.: The assembled ICR-cell, with focus on the alignment ring with four
Teflon plugs along its external diameter.
6.3.3. The Printed Circuit Board (PCB)
Voltages applied to the cell plates will be controlled through the use of a Printed
Circuit Board, connected to the ICR-cell with OFHC copper screws. The cell needs
a total of two PCBs, put over the gap between two sides containing respectively an
excitation plate and a detection plate. A multipin will connect the PCB with the
instrument controls. The PCBs have been designed according to the circuit shown
in Figure 6.13, and realized by the University of Warwick (Dr Alex Colburn).
Acetate copies of the PCB were generated after the initial measurements, and tested
with the screws and the help of Teflon spacers on the assembled cell. The materials
used for the PCB need to follow the same precautions applied to the other materials
in the cell: the board has been realised in kapton, suitable for Ultra High Vacuum
and high temperatures, and OFCH Copper. Figure 6.14 shows a complete PCB for
the ICR-cell.
The printed circuit boards were mounted on the ICR-cell, and tested through the
use of an oscilloscope in order to confirm their capacitive coupling (Figure D.3 in the
Supporting Information).
6.3.4. A golden future
After testing the materials, assembling the ICR-cell, the production and tests of the
printed circuit boards, and final confirmation that the ion trap worked, the open
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Figure 6.13.: Simple schematic of the circuit required for the PCB. Sides of the cell
containing the detection plate and the excitation plate are connected to
the same PCB in pairs. The design with real measurements is reported
in Figure D.2 in the Supporting Information.
Figure 6.14.: Printed Circuit Board (PCB) realized in kapton and OFHC copper.
Small resistors and capacitors can be seen, disposed according to the
circuit scheme showed in Figure 6.13.
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Figure 6.15.: Ultimated open compensated cylindrical ICR-cell of novel design. All
the electrodes are coated with a gold/nickel layer in order to guarantee
a smooth consistent, oxidation-resistent surface, necessary to improve
ion motion coherence and control. The four cell quadrants are aligned
through the use of ceramic rods clamped to each electrode and embed-
ded in outer trapping rings. Ceramic washers allow separation between
each plate. The cell is here mounted on a structure made of three
aluminium rings and four rods, act to install it in the home-built in-
strument that the O’Connor group is developing.
cylindrical cell was dismantled in order to be subjected to the gold/nickel coating.
The gold/nickel coating was successful, and the cell was assembled again. At present,
the O’Connor laboratory group is developing a home-built FT-ICR mass spectrom-
eter in order to test it, and use it for two-dimensional FT-ICR MS. The improved
ion capacity and the capability to longer maintain ion coherence inside the stable
confinements of the trap make this novel ICR-cell a promising mean to develop the
technique [65, 66]. Figure 6.15 shows the final assembly of the novel open compen-
sated cylindrical cell, which is just a step away from beta-testing. Further detailed
images of the assembly are available in the Supporting Information (Figures D.4,
D.5, D.6).
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7. Conclusions
Two-dimensional Fourier transform ion cyclotron resonance mass spectrometry is
a viable tandem mass spectrometry technique, which found its applications in the
analysis of small molecules and bottom up proteomics.
2D FT-ICR MS was optimised for top-down proteomics, and a comparison study be-
tween the technique and standard 1D MS/MS was peformed using CaM. 2D FT-ICR
MS gives for both TDP and BUP tandem mass spectrometry information equiva-
lent to multiple 1D experiments targeted at different precursor ions, in a single
two-dimensional mass spectrum. The resulting 2D MS experiments allow consistent
savings in time and sample consumption. The use of precursor ion scans allows to
check at once all the precursors that generated ions of interest, improving the avail-
able information about fragmentation pathways. Use of neutral-loss lines allows to
obtain information about all the interesting neutral losses at once, and it can be used
in BUP studies to assign phosphorylated or glycosylated peptides. The technique
was later on optimised for ECD, and the cleavage coverage of CaM was improved of
more than 20% by the addition of a single BUP 2D ECD MS experiment.
In order to deepen the sequencing of entire proteins, MSn/2D MS was developed.
MSn/2D MS is a technique that unites the high mass accuracy of FT-ICR MS to
the simultaneus fragmentation capability of 2D MS, and it produces two-dimensional
mass spectra retaining information equivalent to MSn+1 of the protein under analysis.
MSn/2D MS is performed by isolating and fragmenting a charge state/ion of interest
up to n-1 times before two-dimensional mass spectrometry. In MS/2D MS, precursor
ion scans are given a new use. With the extraction of precursor ion scans it is, in fact,
possible to assign all (or many) of the primary fragments with the same terminus on
the autocorrelation line derived from the first dissociation.
A 2D FT-ICR MS method for the analysis of polymers was developed, allowing the
high resolution tandem mass spectrometry characterisation of a complex mixture of
Polysorbate 80, very challenging with standard one-dimensional FT-ICR MS with-
out any sort of separation. Particularly in this study, the use of neutral-loss lines
allowed to assign all the linoleated, oleated, and non-esterified species at once. Two-
dimensional analysis of the polymeric mixtures (TPGS, Polysorbate 80, and PMMA)
revealed the presence of characteristic diagonal lines on the 2D mass spectrum, fin-
gerprints of the different mixtures.
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Finally, preliminary studies were performed to develop 2D MS for the analysis of
glycans and glycoproteins, and a new ICR-cell was developed to obtain a better
performance with 2D MS experiments.
In conclusion, the work of this thesis developed 2D FT-ICR MS, and compared
it to standard one-dimensional mass spectrometry, showing the applicability of the
technique to top-down proteomics and polymer analysis, and highlighting the several
advantages and unique features, such as the use of precursor ion scans and neutral-
loss lines. Furthermore, it opened the paths of 2D FT-ICR MS for glycomics and an
improved instrumental performance thanks to the use of a more capacious ICR-cell.
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A.1. IRMPD 2D MS of Calmodulin
A.1.1. Top-Down analysis of calmodulin
Table A.1.: Peak assignment for top-down 2D-IRMPD/FT-ICR MS Calmodulin.
Fragment ions Charge Theoretical m/z Observed m/z Error [ppm]
y2 1 218.149918 218.150115 0.90
b2 1 229.081899 229.082081 0.79
y3 1 319.197597 319.197628 0.10
b3 1 357.140477 357.140358 -0.33
PTEA-H2O 1 381.176900 381.176642 -0.58
y4-H2O 1 432.227517 432.227401 -0.27
y4 1 450.238082 450.237949 -0.29
b4 1 470.224541 470.224312 -0.49
b5-H2O 1 553.261655 553.260604 -1.90
y5-H2O 1 563.268002 563.267836 -0.29
b5 1 571.272220 571.271558 -1.16
y5 1 581.278567 581.278309 -0.44
EFVQM-H2O 1 617.275200 617.274524 -1.09
PTEAEL 1 641.314100 641.313744 -0.53
b6-H2O 1 682.304249 682.302961 -1.89
y6-NH3 1 692.310596 692.309784 -1.17
? 2 696.847448
y6 1 709.337145 709.337590 0.63
QDMINE-NH3 1 714.276300 714.275576 -1.04
MIREAD 1 716.339600 716.339328 -0.36
EEFVQM-H2O 1 746.317800 746.317438 -0.47
NPTEAEL 1 755.357000 755.357591 0.77
? 2 804.884127
y7 1 808.405559 808.406023 0.57
EMIREAD-H2O 1 827.371600 827.368425 -3.86
b7 1 829.357408 829.355787 -1.95
EMIREAD 1 845.382200 845.380091 -2.47
PTEAELQD-H2O 1 866.389000 866.388953 -0.10
b15 2 873.415060 873.415287 0.26
y15-H2O 2 878.905293 878.904927 -0.42
? 2 898.900820
? 1 903.915715
? 1 912.920464
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y8 1 955.473973 955.473651 -0.34
y17-H2O 2 964.929497 964.930418 0.96
? 2 984.442158
? 6 1,002.815433
b37-H2O 4 1,035.758406 1,035.757729 -0.65
? 1 1,044.466336
b9-H2O 1 1,052.489485 1,052.488617 -0.82
b9 1 1,070.500050 1,070.494920 -4.79
y19-H2O 2 1,078.985001 1,078.984842 -0.15
b39-2H2O 4 1,081.284788 1,081.286864 1.92
b39-H2O 4 1,085.787430 1,085.788762 1.23
b39 4 1,090.290071 1,090.289966 -0.10
b40-H2O 4 1,100.042796 1,100.043707 0.83
b50-NH3 5 1,105.531262 1,105.533070 1.64
b51-NH3 5 1,131.739359 1,131.743737 3.87
b41-H2O 4 1,132.057440 1,132.056631 -0.71
b41 4 1,136.560081 1,136.556569 -3.09
b10 1 1,141.537164 1,141.534267 -2.54
b52-NH3 5 1,154.356172 1,154.357187 0.88
? 4 1,156.564910
b42-NH3 4 1,160.814176 1,160.822771 7.40
b42 4 1,165.070813 1,165.072374 1.34
MH 1,199.924136
b45-H2O 4 1,242.353931 1,242.357154 2.59
b45 4 1,246.856573 1,246.854922 -1.32
? 2 1,248.638688
? 2 1,257.139891
? 1 1,277.617715
? 1 1,299.609740
b22 2 1,299.615946 1,299.617500 1.20
? 1 1,317.554812
? 2 1,361.650768
? 2 1,370.195414
? 2 1,378.707026
b24 2 1,385.640150 1,385.638665 -1.07
? 1 1,611.810091
y15 1 1,774.813874 1,774.813333 -0.30
Average Error -0.18
Standard deviation 1.85
254
A.1. IRMPD 2D MS OF CALMODULIN APPENDIX A. S.I. 3
A.1.2. Bottom-Up analysis of Calmodulin
Table A.3.: Bottom-up 2D-IRMPD/FT-ICR MS CaM, peak assignment for ion at
403.215463 m/z.
Ion: [31_37]2+
Fragment Theoretical m/z Observed m/z Error [ppm]
y 175.118952 175.118877 -0.43
b2-H2O 225.123369 225.123466 0.43
y2 306.159437 306.159510 0.24
b4-2H2O 365.181946 365.182217 0.74
b4-H2O 383.192511 383.192650 0.36
MH-H2O 394.210181 394.208981 -3.04
[MH2]2+ 403.215463 403.215860 0.98
y3 405.227851 405.227721 -0.32
b5-H2O 482.260925 482.260791 -0.28
y4 506.275530 506.275810 0.55
y5-H2O 545.286428 545.286426 0.00
y5 563.296993 563.297137 0.26
b6-2H2O 595.290845 595.290598 -0.42
b6-H2O 613.301410 613.301637 0.37
Average Error -0.04
Standard deviation 0.93
Table A.4.: Bottom-up 2D-IRMPD/FT-ICR MS CaM, peak assignment for ion at
547.235832 m/z.
Ion: [78_86]2+
Fragment Theoretical m/z Observed m/z Error [ppm]
y 175.118952 175.118983 0.18
b2 217.081898 217.081864 -0.16
y2 288.203016 288.202904 -0.39
b3-H2O 314.098276 314.098260 -0.05
b3 332.108841 332.108772 -0.21
y3 417.245609 417.245397 -0.51
[MH2-H2O]2+ 538.230550 538.231097 1.02
y4 546.288202 546.287524 -1.24
[MH2]2+ 547.235832 547.235367 -0.85
b5 548.183462 548.183563 0.18
b6-2H2O 641.204926 641.203951 -1.52
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b6-H2O 659.215491 659.214806 -1.04
y5 675.330795 675.329826 -1.43
b6 677.226056 677.225820 -0.35
y6 762.362824 762.363086 0.34
b7-2H2O 770.247519 770.247237 -0.37
b7-H2O 788.258084 788.258059 -0.03
b7 806.268649 806.267984 -0.82
y7-H2O 859.379202 859.377517 -1.96
b8-3H2O 865.321018 865.324568 4.10
y7 877.389767 877.388923 -0.96
b8-2H2O 883.331583 883.332027 0.50
b8-H2O 901.342148 901.342227 0.09
b8 919.352713 919.352639 -0.08
Average Error -0.23
Standard deviation 1.14
Table A.5.: Bottom-up 2D-IRMPD/FT-ICR MS CaM, peak assignment for ion at
585.628447 m/z.
Ion: [91_106]3+
Fragment Theoretical m/z Observed m/z Error [ppm]
? 441.767966
? 443.783189
y4 488.282723 488.282700 -0.05
? 519.799132
[MH3]3+ 585.628447 585.628184 -0.45
d[MH3]3+ 585.956452 585.955704 -1.28
y6 646.351865 646.351900 0.05
y142+ 755.362627 755.362600 -0.04
Average Error -0.35
Standard deviation 0.49
Table A.6.: Bottom-up 2D-IRMPD/FT-ICR MS CaM, peak assignment for ion at
615.635268 m/z.
Ion: [14_30]3+
Fragment Theoretical m/z Observed m/z Error [ppm]
y3 349.208161 349.208136 -0.07
y4 462.292225 462.292275 0.11
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b5-2H2O 512.250360 512.250999 1.25
b5-H2O 530.260925 530.261639 1.35
[y15-2H2O]3+ 536.934989 536.936343 2.52
[y11-2H2O]2+ 557.772385 557.773139 1.35
y5 563.339904 563.341754 3.28
[y11-H2O]2+ 566.777668 566.777777 0.19
[MH3-5H2O]3+ 585.617660 585.617477 -0.31
[MH3-4H2O]3+ 591.621181 591.621636 0.77
[MH3-3H2O]3+ 597.624703 597.624851 0.25
y6-H2O 602.350802 602.351181 0.63
[MH3-2H2O]3+ 603.628225 603.629659 2.38
[MH3-H2O]3+ 609.631746 609.631368 -0.62
[MH]3+ 615.635268 615.635618 0.57
y6 620.361367 620.361259 -0.17
[y12-3H2O]2+ 622.301310 622.300789 -0.84
[y12-2H2O]2+ 631.306592 631.306366 -0.36
[y12-H2O]2+ 640.311875 640.311903 0.04
y122+ 649.317157 649.317692 0.82
[b13-2H2O]2+ 674.296224 674.296382 0.23
[b13-H2O]2+ 683.301507 683.299349 -3.16
[y13-2H2O]2+ 687.848624 687.847927 -1.01
[y13-H2O]2+ 696.853907 696.851851 -2.95
[b14-3H2O]2+ 721.832974 721.832555 -0.58
[b14-2H2O]2+ 730.838256 730.837826 -0.59
[y14-H2O]2+ 740.369921 740.370325 0.55
Average Error 0.21
Standard deviation 1.37
Table A.7.: Bottom-up 2D-IRMPD/FT-ICR MS CaM, peak assignment for ion at
782.380486 m/z.
Ion: [1_13]2+
Fragment Theoretical m/z Observed m/z Error [ppm]
[ppm]
y2 294.181218 294.181670 1.54
b3 357.140476 357.140078 -1.11
y3-H2O 405.213246 405.213674 1.06
y3 423.223811 423.223816 0.01
b4 470.224540 470.224526 -0.03
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y4 494.260925 494.260813 -0.23
b5-H2O 553.261653 553.261102 -1.00
b5 571.272218 571.271978 -0.42
y5 607.344989 607.346291 2.14
TEEQIA-H2O 654.309334 654.309487 0.23
TEEQIA 672.319899 672.320422 0.78
b6-H2O 682.304246 682.304275 0.04
y122+ 725.856646 725.855826 -1.13
[MH2-H2O]2+ 773.375203 773.375467 0.34
[MH2]2+ 782.380486 782.380127 -0.46
LTEEQIA 785.403963 785.403437 -0.67
b7-H2O 811.346839 811.349151 2.85
b7 829.357404 829.357680 0.33
y7-H2O 846.435595 846.435030 -0.67
b8 957.415982 957.451126 36.71
DQLTEEQIA-H2O 1010.478920 1010.476830 -2.07
DQLTEEQIA 1028.489485 1028.490346 0.84
b9-2H2O 1034.478916 1034.478881 -0.03
b9-H2O 1052.489481 1052.488447 -0.98
b9 1070.500046 1070.501445 1.31
y9 1094.536431 1094.538171 1.59
b10-H2O 1123.526595 1123.526826 0.21
b10 1141.537160 1141.534467 -2.36
DQLTEEQIAE 1157.532079 1157.534665 2.23
b11 1270.579753 1270.580712 0.75
b12 1417.648167 1417.647512 -0.46
Average Error 1.33
Standard deviation 6.56
A.1.3. Parameters for the acquisition of the two-dimensional spectra
Table A.8.: Parameters used for 2D FT-ICR MS spectral acquisition.
Parameter
Experiment
TDP 2D FT-ICR MS BUP FT-ICR MS
Acquisition mode
Acquisition size [datapoints] 4 512k
Horizontal low mass cut-off [m/z ] 147.41 147.41
Horizontal high mass cut-off [m/z ] 3000 3000
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Transient length, t2 [s] 1.6777 0.2097
Ion accumulation time [s] 0.1 0.1
Ion cooling time [s] 0.1 0.25
Source (nanoESI)
Capillary voltage [V] 900 1300
Capillary exit [V] 200 200
Deflector plate [V] 220 220
Funnel [V] 150 150
Skimmer [V] 10 10
Funnel RF [Vpp] 200 200
Collision cell
Collision voltage [V] 0 0
DC extract bias [V] 0.6 0.6
RF frequency [MHz ] 2 2
Collision RF Amplitude [Vpp] 1400 1400
Octopole
Frequency [MHz ] 2 2
RF Amplitude [Vpp] 1400 1400
Transfer optics
Time of Flight [s] 0.0012 0.0012
Frequency [MHz ] 4 4
RF Amplitude [Vpp] 350 350
ICR-cell
Transfer exit Lens [V] -15 -15
Analyser entrance [V] -8 -8
Side kick [V] 12 10
Side kick offset [V] -2.3 -2.9
Front Trap plate [V] 0.51 0.69
Back Trap plate [V] 0.55 0.74
Sweep Excitation power, P3 [%] 16 16
2D-MS Pulse Program
t1 [s] 1.2E-06 2.4E-06
t1 increment [s] 1.2E-06 2.4E-06
P1 and P2 pulse length [s] 4.0E-07 4.0E-07
P1 and P2 excitation power [Db] 10.42 10.42
Laser Power (25W) [%] 70 70
IR pulse length [s] 0.3 0.3
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A.2. IRMPD/FT-ICR MS of calmodulin
Figure A.1.: Cleavage coverage map for one-dimensional top-down and bottom-up
analysis: map of the cleavages obtained with the top-down and bottom-
up analysis of CaM using IRMPD FT-ICR MS/MS. The total cleavage
coverage for the one-dimensional MS analysis is ~52%. For comparison,
the total cleavage coverage obtained with the 2D MS analysis is ~40%.
A.3. ECD 2D MS of calmodulin
Table A.11.: ECD-fragments of the peptide [91-106]3+ (m/z 585.6284).
[91-106]3+ (m/z 585.6284)
Fragment ion Charge Theoretical m/z Observed m/z Error
? 1 342.213739
c3 1 379.197596 379.197831 0.62
z 3 1 401.226885 401.227278 0.98
? 1 487.238880
c4 1 507.292559 507.293046 0.96
z 5 1 543.301113 543.300959 -0.28
? 1 574.271357
MH3 3 585.628447 585.625293 -5.39
z 6 1 630.333141 630.333319 0.28
y6 1 646.351865 646.347738 -6.38
c6 1 679.340966 679.342545 2.32
z 13 2 689.347786 689.348146 0.52
z 7 1 743.417205 743.417347 0.19
z 14 2 746.861257 746.862370 1.49
c7 1 793.383894 793.391204 9.21
z 15 2 820.395464 820.398175 3.30
c8 1 850.405357 850.406009 0.77
MH2 2 877.939033 877.938987 -0.05
z 8 1 906.480534 906.483194 2.93
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z 8 1 907.488359 907.483676 -5.16
y8 1 922.499258 922.500006 0.81
z 9 1 963.501997 963.503711 1.78
c9 1 1013.468686 1013.469042 0.35
z 10 1 1077.544925 1077.546837 1.77
(a+1)10 1 1082.531286 1082.541783 9.70
c10 1 1126.552750 1126.553342 0.53
z 11 1 1134.566389 1134.568732 2.06
z 11 1 1135.574214 1135.573615 -0.53
y11 1 1150.585113 1150.587706 2.25
c11 1 1213.584778 1213.586359 1.30
z 12 1 1249.593332 1249.595877 2.04
c12 1 1284.621892 1284.623288 1.09
c13 1 1355.659006 1355.659564 0.41
z 13 1 1377.688295 1377.690264 1.43
(a+1)14 1 1440.680135 1440.690973 7.52
c14 1 1484.701599 1484.704650 2.06
c15 1 1597.785663 1597.787929 1.42
MMA 1.24
SD 3.17
Table A.12.: ECD-fragments of the peptide [1-13]2+ (m/z 782.3805).
[1-13]2+ (m/z 782.3805)
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
y2 1 294.181218 294.181126 -0.31
c3-NH3 1 357.140476 357.140373 -0.29
? 1 405.213125
y3 1 423.223811 423.223723 -0.21
b4?! 1 470.224540 470.224472 -0.15
z 4 1 479.250026 479.249728 -0.62
y4 1 494.260925 494.261356 0.87
z 5 1 591.326265 591.326113 -0.26
z 5 1 592.334090 592.333985 -0.18
z 6 1 719.384842 719.385700 1.19
MH2 2 782.380486 782.377468 -3.86
z 7 1 848.427435 848.439665 4.42
z 7 1 849.435260 849.439463 4.95
y7 1 864.446160 864.438631 -8.71
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? 1 877.936543
? 1 905.452342
? 1 918.458886
c8 1 974.442531 974.442034 -0.51
z 8 1 977.470029 977.470941 0.93
? 1 1006.496316
? 1 1069.491702
z 9 1 1078.517707 1078.519106 1.30
y9 1 1094.536431 1094.531446 -4.55
z 10 1 1191.601771 1191.601933 0.14
y10 1 1207.620495 1207.621390 0.74
? 1 1248.631571
c 11 1 1286.598477 1286.598959 0.37
z 11 1 1319.660349 1319.661638 0.98
y11 1 1335.679073 1335.680865 1.34
? 1 1390.699966
y12 1 1450.706016 1450.696066 -6.86
[MH2]+ 1 1563.753694 1563.752307 -0.89
MMA -0.42
SD 2.95
Table A.13.: ECD-fragments of the peptide [106-125]3+ (m/z 801.0628).
[106-125]3+ (m/z 801.0628)
Fragment ion Charge Theoretical m/z Observed m/z Error
c 4 1 485.241490 485.241968 0.99
z 4 1 532.267370 532.268018 1.22
z 5 1 647.294313 647.293998 -0.49
MH3 3 801.062775 801.059002 -4.71
z 7 1 875.405320 875.406638 1.51
c15 2 878.450919 878.452613 1.93
z 8 1 1004.447913 1004.447154 -0.76
[MH3]2+ 2 1201.090525 1201.088238 -1.90
c11 1 1283.714019 1283.715521 1.17
z 11 1 1333.606599 1333.614112 5.63
c12 1 1398.740962 1398.742530 1.12
z 12 1 1503.748512 1503.744477 -2.68
c13 1 1527.783555 1527.786308 1.80
z 13 1 1633.798930 1633.796662 -1.39
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c14 1 1656.826148 1656.823861 -1.38
c15 1 1755.894562 1755.908941 8.19
c16 1 1870.921505 1870.926154 2.48
z 16 1 1916.939560 1916.951211 6.08
y16 1 1932.958284 1932.953600 -2.42
c17 1 1999.964098 1999.962744 -0.68
c 19 1 2243.080822 2243.082934 0.94
MMA 0.79
SD 2.99
Table A.14.: ECD-fragments of the peptide [1-30]4+ (m/z 848.1622).
[1-30]4+ (m/z 848.1622)
Fragment ion Charge Theoretical m/z Observed m/z Error
c13 1 1562.769679 1562.771295 1.03
c21 2 1250.615745 1250.625452 7.76
c23 2 1336.639948 1336.644515 3.42
c24 2 1394.153420 1394.157121 2.65
c25 2 1422.664151 1422.660860 -2.31
z ’26 2 1453.203109 1453.200650 -1.69
c26 2 1473.187991 1473.184443 -2.41
z 27 2 1509.241228 1509.240204 -0.68
c27 2 1529.730023 1529.732167 1.40
c28 2 1580.253862 1580.251289 -1.63
z 29 2 1630.783989 1630.785505 0.93
y26 3 974.141464 974.141041 -0.43
y27 3 1011.836152 1011.832415 -3.69
z ’28 3 1049.518712 1049.521571 2.72
z 29 3 1087.525084 1087.525573 0.45
[MH3]2+ 3 1130.547219 1130.566550 17.10
MH4 4 848.162233 848.159711 -2.97
MMA 1.27
SD 4.82
Table A.15.: ECD-fragments of the peptide [90-105]2+ (m/z 877.9390).
[90-105]2+ (m/z 877.9390)
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
z 7 1 744.425030 744.426105 1.44
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MH2 2 877.939033 877.934821 -4.80
z 8 1 906.480534 906.479946 -0.65
z 9 1 963.501997 963.506804 4.99
y9 1 979.520721 979.520250 -0.48
z 10 1 1077.544925 1077.548020 2.87
z 10 1 1078.552750 1078.555729 2.76
? 1 1205.604967
z 12 1 1249.593332 1249.593885 0.44
z 12 1 1250.601157 1250.595272 -4.71
z 13 1 1377.688295 1377.692423 3.00
? 1 1448.727590
c 14 1 1483.693774 1483.694722 0.64
z 14 1 1492.715238 1492.714919 -0.21
c 15 1 1596.777838 1596.779176 0.84
z 15 1 1640.791477 1640.769312 -13.51
[MH2]+ 1 1754.870790 1754.869293 -0.85
MMA -0.55
SD 4.30
Table A.16.: ECD-fragments of the peptide [14-30]2+ (m/z 922.9493).
[14-30]2+ (m/z 922.9493)
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
y6 1 620.361367 620.361292 -0.12
MH2 2 922.949263 922.945412 -4.17
c 8 1 954.480534 954.483222 2.82
z 10 1 1020.520781 1020.523003 2.18
c 10 1 1126.528940 1126.527902 -0.92
z 11 1 1134.539899 1134.537185 -2.39
c 11 1 1241.555883 1241.555472 -0.33
z 12 1 1281.608313 1281.615907 5.93
c 12 1 1298.577347 1298.578352 0.77
z 13 1 1394.692377 1394.693966 1.14
c 13 1 1399.625026 1399.624306 -0.51
z 14 1 1481.724405 1481.727976 2.41
y14 1 1497.743129 1497.744202 0.72
c 14 1 1512.709090 1512.706547 -1.68
c15 1 1614.764593 1614.768230 2.25
z 15 1 1629.800644 1629.799363 -0.79
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? 1 1653.779388
c16 1 1715.812272 1715.813250 0.57
[MH2]+ 1 1844.891250 1844.887701 -1.92
MMA 0.33
SD 2.25
Table A.17.: ECD-fragments of the peptide [127-148]2+ (m/z 1245.5436).
[127-148]2+ (m/z 1245.5436)
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
MH2 2.00 1245.543605 1245.531140 -10.01
z 20 1.00 2274.989327 2274.986044 -1.44
z’ 21 1.00 2346.026441 2346.009311 -7.30
y21 1.00 2361.037340 2361.011012 -11.15
[MH2]+ 1.00 2491.079933 2491.086190 2.51
MMA 0.33
SD 2.25
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B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
B.1. Mass spectrometry of Ubiquitin
B.1.1. One-dimensional MS of Ubiquitin
Table B.1.: Fragments assigned to the one-dimensional CAD MS/MS spectrum of
Ubiquitin in denaturing conditions.
Ion
Observed
m/z
Charge
Theoretical
m/z
Error
[ppm]
b3 373.190403 1 373.190403 0.00
y245+ 546.10686 5 546.107026 -0.30
[b15-H2O]3+ 553.327318 3 553.328505 -2.15
PSDTIENVKAKIQDK3+ 556.637048 3 556.636944 0.19
b153+ 559.331591 3 559.332027 -0.78
[y15-H2O]3+ 563.667944 3 563.668801 -1.52
TLEVE 572.292488 1 572.292621 -0.23
(a16-1)3+ 587.01024 3 587.005767 7.62
b16-2H2O3+ 590.338617 3 590.339182 -0.96
a163+ 593.015934 3 593.014600 2.25
b16-H2O3+ 596.342207 3 596.342703 -0.83
b163+ 602.345959 3 602.346225 -0.44
y377+ 608.480702 7 608.481459 -1.24
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED3+
612.991031 3 612.991610 -0.94
GKTITL/LTGKTI 614.387142 1 614.387189 -0.08
b5 619.32719 1 619.327231 -0.07
a173+ 626.038234 3 626.037400 1.33
[b17-H2O]3+ 629.365018 3 629.365508 -0.78
b173+ 635.368997 3 635.369030 -0.05
? 637.304731 1
y28-H2O5+ 639.54739 5 639.547349 0.06
y57-H2O10+ 642.245561 10 642.2498312 -6.65
y58-H2O10+ 651.952414 10 651.9551076 -4.13
y5810+ 653.755757 10 653.756164 -0.62
SDTIENVKAKIQDKEGIP/
PSDTIENVKAKIQDKEGI3+
656.352721 3 656.352985 -0.40
y59-H2O10+ 664.857482 10 664.859367 -2.84
b18-H2O3+ 672.379089 3 672.379706 -0.92
b183+ 678.382672 3 678.383228 -0.82
270
B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
y244+ 682.381965 4 682.381964 0.00
y376+ 709.726161 6 709.727156 -1.40
?12+ 711.388751 12
MH-H2O12+ 712.807595 12
y57-NH39+ 713.610142 9 713.608339 2.53
y579+ 715.50125 9 715.500178 1.50
?12+ 717.553521 12
y58-H2O9+ 724.281825 9 724.282644 -1.13
y589+ 726.286725 9 726.283818 4.00
y59-H2O9+ 738.619766 9 738.620710 -1.28
y7411+ 755.600089 11 755.599792 0.39
PSDTIENVKAKIQDKEGIPPD3+ 759.397666 3 759.397142 0.69
PSDTIENVKAKIQDKEGIPP-
DQQRLIFAGKQLED/
761.405389 5 761.405302 0.11
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ5+
IFVKTLTGKTITLE2+ 773.465138 2 773.466168 -1.33
y558+ 779.555314 8 779.554419 1.15
b142+ 781.954531 2 781.952371 2.76
[AKIQDKEGIPPDQQRLIFAGKQ-
LEDGRTLSDYNIQ -2H2O-NH3]5+
783.609567 5 783.609728 -0.21
y568+ 793.932888 8 793.932787 0.13
[y57-NH3]8+ 802.687294 8 802.683472 4.76
y578+ 804.808837 8 804.811791 -3.67
[y58-H2O]8+ 814.692368 8 814.692066 0.37
y588+ 816.944851 8 816.943386 1.79
y59-H2O8+ 830.822849 8 830.822390 0.55
b152+ 838.493595 2 838.494403 -0.96
TGKTITLE 844.476915 1 844.477462 -0.65
[b16-H2O]2+ 894.011485 2 894.010417 1.19
b162+ 903.015696 2 903.015700 0.00
[KTLTGKTITLEVEPSDTIENVKA-
KIQDKEGIPPDQQRLIFAGKQL-
EDGRTLSDYNIQK -3NH3]7+
921.061173 7 921.060924 0.27
[b17-H2O]2+ 943.543687 2 943.544624 -0.99
TLSDYNIQKESTLHLVL-3H2O2+ 951.504578 2 951.5096275 -5.31
b172+ 952.549776 2 952.549907 -0.14
b182+ 1017.071207 2 1017.071204 0.00
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b9 1062.601253 1 1062.601616 -0.34
TGKTITLEVE 1072.592385 1 1072.588470 3.65
Table B.2.: Fragments assigned to the one-dimensional CAD/IRMPD MS/MS/MS
spectrum of Ubiquitin in denaturing conditions.
Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
y244+ 4 682.381964 682.381962 0.00
y183+ 3 699.735763 699.735768 0.01
y132+ 2 725.928076 725.927906 -0.23
y589+ 9 726.283818 726.283984 0.23
PSDTIENVKAKIQDKEG-
IPPDQQRLIFAGKQLED
5 761.405302 761.405594 0.38
Table B.3.: Fragments assigned to the one-dimensional CAD/ECD MS/MS/MS
spectrum of Ubiquitin in denaturing conditions.
Fragment Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
z 11 2 609.881402 609.881429 0.04
? 2 625.365888
z 17 3 640.041745 640.041696 -0.08
c12 2 657.374811 657.375106 0.45
c6 1 660.319899 660.319906 0.01
c13 2 721.404100 721.404129 0.04
? 2 725.418597
? 5 733.002565
c26 4 733.652912 733.652717 -0.27
c33 5 741.805223 741.804808 -0.56
c41 769.572826 769.573480 0.85
c7 1 774.362827 774.362130 -0.90
8 811.439598
8 815.066907
y588+ 8 817.068801
? 3 838.465293
(z+1)52 7 839.606120 839.603881 -2.67
c15 2 842.965053 842.964140 -1.08
(z+1)456+ 849.128221
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c23 3 850.445044 850.442753 -2.69
? 6 851.793043
(z+1)53 7 858.040776 858.038579 -2.56
(z+1)46 870.468853 870.466455 -2.75
c46 6 871.626680 871.625951 -0.84
(z+2)54 7 874.339618 874.337774 -2.11
c54 7 878.618242 878.618386 0.16
z 23 3 885.160131 885.158901 -1.39
c47 6 886.132018 886.131656 -0.41
(z+2)47 6 889.483400 889.480821 -2.90
c40 5 890.673270 890.672660 -0.68
? 7 895.060831
? 5 900.734911
c24 3 902.478748 902.476943 -2.00
(z+2)56 7 905.207421 905.205357 -1.59
? 5 916.252058
? 7 917.496135
c41 5 923.285936 923.283356 -2.79
c57 7 925.219190 925.214151 -5.45
7 927.503526
7 933.645723
z25 3 942.509600 942.509592 -0.01
? 3 947.846968
z 17 2 959.558980 959.556948 -2.12
(z+2)52 6 979.539800 979.536826 -3.04
c53 6 998.869885 998.867055 -2.83
c36 4 1009.042089 1009.039507 -2.56
? 3 1066.239463
c20 2 1089.591878 1089.589662 -2.03
B.1.2. MS/2D MS of Ubiquitin
Table B.4.: CAD fragments assigned to the autocorrelation line of the CAD/IRMPD
MS/2D MS experiment.
Percursor Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
b3 1 373.190403 373.191394 2.66
a82+ 2 467.283100 467.283281 0.39
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y184+ 4 525.053641 525.053361 -0.53
y24-H2O5+ 5 542.504913 542.505521 1.12
y245+ 5 546.107026 546.106943 -0.15
b15-H2O3+ 3 553.328505 553.328415 -0.16
b153+ 3 559.332027 559.331346 -1.22
TLEVE 1 572.292621 572.293434 1.42
y16-3NH33+ 3 590.340462 590.339264 -2.03
IFVKTLTGKTITLEVE3+ 3 592.016873 592.016392 -0.81
a163+ 3 593.014600 593.014908 0.52
b16-H2O3+ 3 596.342703 596.342854 0.25
b163+ 3 602.346225 602.346710 0.81
y163+ 3 607.367011 607.365189 -3.00
y377+ 7 608.481459 608.481054 -0.67
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED
3 612.991610 612.991990 0.62
b5 1 619.327231 619.327581 0.56
a173+ 3 626.037400 626.037114 -0.46
b17-H2O3+ 3 629.365508 629.365523 0.02
b173+ 3 635.369030 635.368609 -0.66
y28-H2O5+ 5 639.547349 639.546968 -0.60
y57-NH310+ 10 642.348233 642.352263 6.27
y285+ 5 643.149462 643.150526 1.65
y58-H2O10+ 10 651.955108 651.952900 -3.39
y407+ 7 652.643241 652.643684 0.68
y5810+ 10 653.756164 653.756672 0.78
y59-2H2O10+ 10 663.058311 663.058045 -0.40
y59-H2O10+ 10 664.859367 664.858883 -0.73
y5910+ 10 666.660424 666.662005 2.37
a183+ 3 669.051600 669.051691 0.14
b18-H2O3+ 3 672.379706 672.379846 0.21
y60-H2O10+ 10 674.766208 674.767670 2.17
y6010+ 10 676.567265 676.566956 -0.46
b183+ 3 678.383228 678.382980 -0.37
y549+ 9 681.821661 681.822405 1.09
y244+ 4 682.381964 682.379414 -3.74
y61-H2O-NH310+ 10 685.967813 685.969337 2.22
y61-H2O10+ 10 687.670468 687.670219 -0.36
y559+ 9 693.049181 693.049007 -0.25
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y498+ 8 694.006839 694.001077 -8.30
y315+ 5 694.380171 694.381104 1.34
QIFVKT-H2O 1 699.418800 699.407423 -16.27
y6210+ 10 700.779931 700.781467 2.19
y569+ 9 705.829952 705.827151 -3.97
y376+ 6 709.727156 709.727736 0.82
y58-H2O9+ 9 724.282644 724.282044 -0.83
y589+ 9 726.283818 726.283741 -0.11
y59-2H2O9+ 9 736.619537 736.619133 -0.55
y59-H2O9+ 9 738.620710 738.619647 -1.44
y599+ 9 740.621884 740.623576 2.28
y7311+ 11 745.319422 745.320336 1.23
b6 1 747.422194 747.424171 2.65
b60-H2O9+ 9 747.954717 747.960731 8.04
y609+ 9 751.629486 751.630817 1.77
y538+ 8 752.787951 752.782861 -6.76
y74-H2O11+ 11 753.962468 753.960516 -2.59
y7411+ 11 755.599792 755.599866 0.10
PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED-H2O/
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ-H2O
5 757.803189 757.803361 0.23
PSDTIENVKAKIQDKEGIPPD3+ 3 759.397142 759.395251 -2.49
PSDTIENVKAKIQDKEG-
IPPDQQRLIFAGKQLED/
EVEPSDTIENVKAKIQD-
KEGIPPDQQRLIFAGKQ
5 761.405302 761.403606 -2.23
y548+ 8 766.923459 766.927642 5.45
b14-H2O2+ 2 772.947088 772.946933 -0.20
b14-NH32+ 2 773.439096 773.447542 10.92
y558+ 8 779.554419 779.554794 0.48
b142+ 2 781.952371 781.952869 0.64
AKIQDKEGIPPDQQRLIFAGKQ-
LEDGRTLSDYNIQ-2H2O-NH35+
5 783.609728 783.610949 1.56
PSDTIENVKAKIQDKEGIPPD-
QQRLIFAGKQLEDGRTLSDYN6+
6 785.742222 785.744697 3.15
y568+ 8 793.932787 793.932648 -0.18
y57-H2O-NH38+ 8 800.432151 800.424902 -9.06
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y57-H2O8+ 8 802.560470 802.560512 0.05
y284+ 4 803.685009 803.687056 2.55
y578+ 8 804.811791 804.811523 -0.33
LEVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLEDGRTLSDY-
NIQKESTLHLVL
8 806.055622 806.060342 5.86
y436+ 6 811.107255 811.106321 -1.15
y58-2H2O8+ 8 812.440745 812.444861 5.07
y58-H2O-NH38+ 8 812.563747 812.566680 3.61
y58-H2O8+ 8 814.692066 814.692955 1.09
y588+ 8 816.943386 816.943131 -0.31
IFVKTLTGKTITLEV2+ 2 823.000375 822.999583 -0.96
y59-H2O8+ 8 830.822390 830.821107 -1.54
b52-H2O7+ 7 831.879764 831.880029 0.32
b527+ 7 834.452702 834.451264 -1.72
b152+ 2 838.494403 838.495668 1.51
y375+ 5 851.471132 851.471395 0.31
y152+ 2 854.004846 854.005053 0.24
b395+ 5 862.466767 862.467191 0.49
TIENVKAKIQDKEGIP-H2O-NH32+ 2 865.477796 865.487341 11.03
y16-3NH32+ 2 885.007055 885.007195 0.16
b16-H2O2+ 2 894.010417 894.010831 0.46
b162+ 2 903.015700 903.015258 -0.49
y405+ 5 913.297627 913.299265 1.79
KTLTGKTITLEVEPSDTIEN-
VKAKIQDKEGIPPDQQRL-
IFAGKQLEDGRTLSDYNI-
QK-3NH37+
7 921.060924 921.066964 6.56
b17-H2O2+ 2 943.544624 943.546721 2.22
PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED-H2O
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ-H2O
4 947.002167 947.004641 2.61
b172+ 2 952.549907 952.551213 1.37
y172+ 2 967.568342 967.567515 -0.85
GKTITLEVE 1 971.540791 971.539681 -1.14
EPSDTIENVKAKIQDKEG-
IPPDQQRLIFAGKQLED4+
4 983.765457 983.770005 4.62
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b18-2H2O2+ 2 999.060639 999.060657 0.02
b18-H2O2+ 2 1008.065921 1008.069347 3.40
b182+ 2 1017.071204 1017.072166 0.95
TGKTITLEVE 1 1072.588470 1072.585238 -3.01
Table B.5.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment y245+.
Fragment ion Charge Theoretical
m/z Observed
m/z
Error
[ppm]
y123+ 3 441.273611 441.285539 27.03
y184+ 4 525.053641 525.058609 9.46
[y24-2H2O]5+ 5 538.902800 538.906146 6.21
[y24-H2O]5+ 5 542.504913 542.508050 5.78
GRTLSD 1 630.320567 630.320067 -0.79
Table B.6.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment b163+.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
b16-H2O3+ 3 596.342703 596.343519 1.37
b14-H2O-NH32+ 2 764.433814 764.462470 37.49
Table B.7.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment y5810+.
Fragment ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
y184+ 4 525.053641 525.058313 8.90
y24-2H2O5+ 5 538.902800 538.906666 7.17
y245+ 5 546.107026 546.110077 5.59
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED3+
3 612.991610 612.991095 -0.84
VKAKIQDKEGIPPDQQRLI-
FAGKQLEDGRTLSDY-2H2O
5 761.410599 761.405127 -7.19
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Table B.8.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment b173+.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
b17-H2O3+ 3 629.365508 629.365431 -0.12
IFVKTLTGKTITLEV-H2O 2 813.995093 813.994818 -0.34
IFVKTLTGKTITLEV 2 823.000375 823.005077 5.71
Table B.9.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment b183+.
Fragment Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
b132+ 2 731.428531 731.428601 0.10
b152+ 2 838.494403 838.499939 6.60
Table B.10.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment y244+.
Fragment Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
GRTLSD 1 630.320567 630.319827 -1.17
y183+ 3 699.735763 699.735688 -0.11
Table B.11.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment [y59-H2O]9+.
Fragment Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
y244+ 4 682.381964 682.382029 0.10
AKIQDKEGIPPDQQRLIFAGKQ-
LEDGRTLSDYNIQ-2H2O-NH35+
5 783.609728 783.613100 4.30
Table B.12.: IRMPD-fragments assigned to the extraction of
the horizontal scan of the CAD-fragments [PS-
DTIENVKAKIQDKEGIPPDQQRLIFAGKQLED/
EVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQ]5+.
Fragment ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
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QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED3+
3 612.991610 612.992183 0.93
? 1 616.542138
SDTIENVKAKIQDKEGIP/
PSDTIENVKAKIQDKEGI
3 656.352985 656.348575 -6.72
ENVKAKIQDKEGIP-
PDQQRLIFAGKQ-H2O
4 729.402897 729.395403 -10.27
PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED/
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ-H2O
5 757.803189 757.803150 -0.05
PSDTIENVKAKIQD-
KEGIPPDQQRLIF
4 766.168995 766.161562 -9.70
PSDTIENVKAKIQDK-
EGIPPDQQRLIFAG
4 783.922657 783.922123 -0.68
FAGKQLED 1 889.441411 889.449165 8.72
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED
2 918.983777 918.996204 13.52
SDTIENVKAKIQDKEGIP/
PSDTIENVKAKIQDKEGI
2 984.025840 984.043141 17.58
Table B.13.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment y588+.
Fragment ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
y244+ 4 682.381964 682.381233 -1.07
y183+ 3 699.735763 699.735284 -0.68
y58-H2O8+ 8 814.692066 814.703140 13.59
y446+ 6 832.456416 832.460916 5.41
y527+ 7 841.750534 841.756331 6.89
y37-H2O5+ 5 847.869019 847.867768 -1.48
y375+ 5 851.471132 851.478360 8.49
KEGIPPDQQRLIFAGKQLED-
GRTLSDYNIQKESTLHLVL5+
5 887.278288 887.275198 -3.48
y567+ 7 907.207860 907.198666 -10.13
y405+ 5 913.297627 913.306646 9.87
? 7 918.652379
? 7 921.221214
279
B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
VKAKIQDKEGIPPDQQRLI-
FAGKQLEDGRTLSDY-2H2O
4 951.511430 951.519743 8.74
Table B.14.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the CAD-fragment b162+.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
b5 1 619.327231 619.326172 -1.71
b16-3H2O2+ 2 875.992225 875.997994 6.59
b16-2H2O2+ 2 885.000050 885.004288 4.79
b16-H2O2+ 2 894.007875 894.008302 0.48
b9 1 1062.601616 1062.610160 8.04
Table B.15.: CAD fragments assigned to the autocorrelation line of the CAD/ECD
MS/2D MS experiment.
Precursor Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
? 1 371.228635
b3 1 373.190403 373.191501 2.94
a82+ 2 467.2831 467.282727 -0.80
b82+ 2 481.280607 481.281437 1.73
y184+ 4 525.053641 525.054136 0.94
y245+ 5 546.107026 546.106767 -0.48
a153+ 3 550.0004 550.001098 1.27
[y15-3NH3]3+ 3 552.645774 552.644989 -1.42
[b15-H2O]3+ 3 553.328505 553.328994 0.88
PSDTIENVKAKIQDK 3 556.636944 556.636753 -0.34
b153+ 3 559.332027 559.332576 0.98
? 2 567.367034
y255+ 5 569.112415 569.111575 -1.48
TLEVE 1 572.292621 572.291926 -1.22
? 1 573.296622
? 1 581.24341
[b16-2H2O]3+ 3 590.339182 590.339491 0.52
a5 1 591.3323 591.332947 1.09
a163+ 3 593.0146 593.015322 1.22
280
B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
[b16-H2O]3+ 3 596.342703 596.343009 0.51
b163+ 3 602.346225 602.345813 -0.68
[y37-H2O]7+ 1 605.908521 605.90868 0.26
? 3 607.677227
? 3 607.702009
y377+ 7 608.481459 608.482099 1.05
PPDQQRLIFAGKQLED/
QDKEGIPPDQQRLIFA
3 612.99161 612.992299 1.12
IQDKE/KQLED 1 614.314419 614.315143 1.18
IFAGKQ-28/FAGKQL-28 1 617.371873 617.374276 3.89
b5 1 619.327231 619.327877 1.04
? 3 620.033069
[b17-2H2O]3+ 3 623.361986 623.362505 0.83
a173+ 3 626.0374 626.037281 -0.19
[b17-H2O]3+ 3 629.365508 629.366024 0.82
b173+ 3 635.36903 635.370089 1.67
? 1 637.305845
[y57-NH3]10+ 10 642.348233 642.352344 6.40
[y58-H2O]10+ 10 651.955108 651.95571 0.92
y407+ 7 652.643241 652.641805 -2.20
y5810+ 10 653.756164 653.756781 0.94
? 3 656.35274
? 2 661.40001
[y59-H2O]10+ 10 664.859367 664.860044 1.02
[b18-2H2O]3+ 3 666.376184 666.375304 -1.32
y5910+ 10 666.660424 666.659099 -1.99
a183+ 3 669.0516 669.051987 0.58
y539+ 9 669.256765 669.250945 -8.70
QDKEGI/IQDKEG/
GKQLED/KQLEDG
1 671.335883 671.334935 -1.41
[b18-H2O]3+ 3 672.379706 672.3807 1.48
b122+ 2 674.886499 674.886709 0.31
y6010+ 10 676.567265 676.569304 3.01
b183+ 3 678.383228 678.383298 0.10
y549+ 9 681.821661 681.819215 -3.59
y244+ 4 682.381964 682.381287 -0.99
[y61-H2O-NH3]10+ 10 685.967813 685.965758 -3.00
KTITLE 1 686.408319 686.408773 0.66
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[y61-NH3]10+ 10 687.768869 687.769512 0.94
? 2 689.371421
y559+ 9 693.049181 693.049731 0.79
y315+ 5 694.380171 694.379369 -1.15
? 1 696.43827
TLTGKTI-H2O/LTGKTIT-H2O/
TGKTITL-H2O
1 697.424303 697.42405 -0.36
? 4 699.408149
y569+ 9 705.829952 705.829116 -1.18
y376+ 6 709.727156 709.727744 0.83
[y57-NH3]9+ 9 713.608339 713.612844 6.31
? 6 715.97408
? 6 716.474126
[y13-H2O]2+ 2 716.922793 716.923019 0.32
y58-H2O9+ 9 724.282644 724.281035 -2.22
y589+ 9 726.283818 726.281872 -2.68
PSDTIENVKAKIQ-
DKEGIPPDQQRLI4+
4 729.396275 729.397556 1.76
b132+ 2 731.428531 731.429372 1.15
y39-3NH36+ 6 736.5605 736.565169 6.34
y59-2H2O9+ 9 736.619537 736.619325 -0.29
y59-H2O9+ 9 738.62071 738.619906 -1.09
y39-2NH36+ 6 739.398258 739.399219 1.30
?2+ 2 741.401234
GKTITLE 1 743.429783 743.429114 -0.90
b6 1 747.422194 747.422952 1.01
y60-H2O-NH39+ 9 747.736473 747.737505 1.38
y60-NH39+ 9 749.737647 749.737706 0.08
y53-NH38+ 8 750.659633 750.661497 2.48
y609+ 9 751.629486 751.627232 -3.00
y538+ 8 752.787951 752.777994 -13.23
y74-H2O11+ 11 753.962468 753.965425 3.92
y7411+ 11 755.599792 755.598733 -1.40
PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED-H2O
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ-H2O
5 757.803189 757.803481 0.39
PSDTIENVKAKIQDKEGIPPD3+ 3 759.397142 759.398046 1.19
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PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED
EVEPSDTIENVKAKIQDKE-
GIPPDQQRLIFAGKQ5+
5 761.405302 761.405971 0.88
y61-H2O9+ 9 763.966378 763.968172 2.35
b14-2NH32+ 2 764.925822 764.919332 -8.48
?2+ 2 764.952894 764.963273
y7511+ 11 767.241481 767.239714 -2.30
PSDTIENVKAKIQD2+ 2 770.404297 770.406033 2.25
y274+ 2 771.670365 771.669851 -0.67
b14-H2O2+ 2 772.947088 772.945631 -1.88
b14-NH32+ 2 773.439096 773.433962 -6.64
y558+ 8 779.554419 779.556257 2.36
b142+ 2 781.952371 781.951334 -1.33
AKIQDKEGIPPDQQRLIFAGKQL-
EDGRTLSDYNIQ-2H2O-NH35+
5 783.609728 783.612178 3.13
PSDTIENVKAKIQD-
KEGIPPDQQRLIFA4+
4 783.922657 783.921401 -1.60
y568+ 8 793.932787 793.932177 -0.77
?2+ 795.94881
PSDTIENVKAKIQDK-
EGIPPDQQRLIFAG4+
4 798.178023 798.177682 -0.43
y57-H2O8+ 8 802.56047 802.560793 0.40
y284+ 4 803.685009 803.681829 -3.96
y578+ 8 804.811791 804.812648 1.07
LEVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLEDGRTLSDY-
NIQKESTLHLVL
8 806.055622 806.052677 -3.65
y436+ 6 811.107255 811.108253 1.23
LTGKTITL-NH3 1 811.492383 811.488497 -4.79
y58-2H2O8+ 8 812.440745 812.442111 1.68
IFVKTLTGKTITLEV-H2O2+ 2 813.995093 813.99604 1.16
y58-H2O8+ 8 814.692066 814.693937 2.30
y588+ 8 816.943386 816.942896 -0.60
IFVKTLTGKTITLEV2+ 2 823.000375 823.001739 1.66
y59-H2O8+ 8 830.82239 830.820498 -2.28
b527+ 7 834.452702 834.451484 -1.46
b152+ 2 838.494403 838.495305 1.08
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KTLTGKTI 1 843.529831 843.53038 0.65
TGKTITLE 1 844.477462 844.477061 -0.47
y375+ 4 851.471132 851.470268 -1.01
b31-3H2O4+ 4 851.473091 851.473419 0.39
y152+ 2 854.004846 854.006549 1.99
? 1 855.516344
b395+ 5 862.466767 862.466937 0.20
? 1 872.541664
IFVKTLTGKTITLEVE-28?2+ 2 873.521672 873.522052 0.43
FAGKQLEDGRTLSDYNIQK-
ESTLHLVLRLRG-2H2O4+
4 876.727208 876.727099 -0.12
?2+ 2 879.519458
y16-3NH32+ 2 885.007055 885.007815 0.86
PSDTIENVKAKIQDKEGIPP-
DQQRLIFAGKQLEDGRTLSD5+
5 887.26796 887.269708 1.97
IFVKTLTGKTITLEVE2+ 2 887.521672 887.523063 1.57
b16-H2O2+ 2 894.010417 894.008862 -1.74
? 1 899.539645
y16-NH32+ 2 902.033604 902.027715 -6.53
b162+ 2 903.0157 903.01692 1.35
DTIENVKAKIQDKEGI-
PPDQQRLIFAGKQLED4+
4 905.48361 905.482354 -1.39
?2+ 2 911.012651
y405+ 5 913.297627 913.297331 -0.32
LEVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLEDGRTLSDY-
NIQKESTLHLVL
7 921.062529 921.067695 5.61
b17-H2O2+ 2 943.544624 943.548375 3.97
VKAKIQDKEGIPPDQQRLI-
FAGKQLEDGRTLSDY-2H2O
4 951.51143 951.505756 -5.96
b172+ 2 952.549907 952.550816 0.96
?2+ 2 958.529421
b8 1 961.553937 961.556262 2.42
y172+ 2 967.568342 967.555648 -13.12
PSDTIENVKAKIQDKEGI/
SDTIENVKAKIQDKEGIP2+
2 984.02584 984.027366 1.55
b18-2H2O2+ 2 999.060639 999.063911 3.28
b18-H2O2+ 2 1008.06592 1008.06662 0.69
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b182+ 2 1017.0712 1017.07023 -0.96
y13-2H2O 2 1414.82775 1414.81524 -8.84
y13-H2O 2 1432.83831 1432.84917 7.58
Figure B.1.: Scheme 1: Structure of internal c ions from y ions.
Table B.16.: ECD-fragments assigned to the extraction of the horizontal scan of the
CAD-fragment y589+. It is hypothesised that the numerous unassigned
peak are due to internal fragmentation.
Fragment Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
?3+ 3 556.963948
?3+ 3 694.254017
285
B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
?3+ 3 699.403801
?3+ 3 699.733218
?9+ 9 720.053663
[y58-H2O]9+ 9 724.282644 724.278964
?5+ 5 725.926252
(z+1)487+ 7 780.714203 780.714147 -0.07
(z+1)497+ 7 790.862362 790.859197 -4.00
z 578+ 8 802.809450 802.815874 8.00
?3+ 3 808.772825
(z+1)507+ 7 809.161643 809.160035 -1.99
c578+ 8 809.692701 809.691508 -1.47
c507+ 7 809.855720 809.856491 0.95
y588+ -CH3NO 8 811.442230 811.442373 0.18
y588+ -CH3-H 8 815.066207 815.066472 0.33
y588+ 8 817.069913 817.068420 -1.83
(z+1)517+ 7 823.314273 823.314187 -0.10
z 527+ 7 839.462145 839.460246 -2.26
(z+1)527+ 7 839.606120 839.605564 -0.66
z 456+ 6 848.957786 848.956449 -1.57
y456+ 6 851.627573 851.629220 1.93
z 537+ 7 857.896801 857.896170 -0.74
(z+1)466+ 6 870.468853 870.470005 1.32
c466+ 6 871.626680 871.629667 3.43
(z+1)547+ 7 874.195643 874.195691 0.05
c547+ 7 878.618242 878.617926 -0.36
z 557+ 7 888.487050 888.489257 2.48
(z+1)476+ 6 889.316197 889.314948 -1.40
c557+ 7 894.773108 894.773739 0.71
z 567+ 7 904.919471 904.917973 -1.66
z 577+ 7 917.352618 917.353225 0.66
c415+ 5 923.285936 923.287661 1.87
y587+  7 925.216108
y587+  7 927.503123 927.505782 2.87
y587+  -CH4N2 7 931.504462
y587+  7 933.794187 933.797634 3.69
c536+ 6 998.869885 998.873582 3.70
(z+2)566+ 6 1055.907445 1055.906965 -0.45
c576+ 6 1079.254510 1079.245266 -8.56
? 1 1168.687230
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Table B.17.: ECD-fragments assigned to the extraction of the horizontal scan of the
CAD-fragment y245+. It is hypothesised that the numerous unassigned
peak are due to internal fragmentation.
Fragment Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
z 173+ 3 640.041745 640.039931 -2.84
c214+ 4 653.625228 653.623767 -2.23
? 4 671.375921
? 3 672.376424
y24-NH34+ 4 678.125327 678.120719 -6.80
?3+ 3 759.394042
(z+1)223+ 3 833.462369 833.459257 -3.73
? 2 894.007495
Table B.18.: ECD-fragments assigned to the extraction of the horizontal scan of the
CAD-fragment y244+. It is hypothesised that the numerous unassigned
peaks are due to internal fragmentation.
Fragment Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
?2+ 2 625.363869
?2+ 2 838.490214
c213+ 3 871.164545 871.160223 -4.96
c223+ 3 890.171700 890.173016 1.48
?3+ 3 894.832274
?3+ 3 897.137584
z 243+ 3 904.167285 904.164248 -3.36
c233+ 3 909.178855 909.170201 -9.52
?2+ 2 952.544795
z 172+ 2 959.555088
z 182+ 2 1041.090123
y_c71 2 1171.650593 1171.643851 -5.75
c202+ 2 1228.192625 1228.187146 -4.46
z 222+ 2 1249.186003 1249.178612 -5.92
c13 1 1422.733572 1422.720484 -9.20
Table B.19.: ECD-fragments assigned to the extraction of the horizontal scan of the
CAD-fragment y588+. It is hypothesised that the numerous unassigned
peak are due to internal fragmentation.
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Fragment Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
y245+ 5 546.1070264 546.1056785 -2.47
?3+ 3 626.0348669
?2+ 2 682.3795713
?2+ 2 694.2544272
?3+ 3 714.5596568
?3+ 3 724.3897701
(z+1)162+ 2 903.0414285 903.0423467 1.02
(z+1)506+ 6 943.8540370 943.8487402 -5.61
?6+ 6 944.8279600
y51-H2O-NH36+ 6 957.0277368 957.0262922 -1.51
(z+1)516+ 6 960.3654393 960.3609651 -4.66
y172+ 2 967.5683420 967.5323718 -37.18
(z+1)435+ 5 970.1250714 970.1205980 -4.61
z 526+ 6 979.2046232 979.2010184 -3.68
c526+ 6 980.0225405 980.0356960 13.42
(z+1)536+ 6 1000.8796930 1000.8732088 -6.48
(z+1)455+ 5 1018.7494528 1018.7393395 -9.93
(z+1)546+ 6 1019.7270370 1019.7227455 -4.21
?6+ 6 1025.0462948
(z+1)556+ 6 1036.5683168 1036.5623880 -5.72
?6+ 6 1043.8978826
(z+1)465+ 5 1044.3611684 1044.3548690 -6.03
?5+ 5 1045.9450104
(z+1)566+ 6 1055.7394742 1055.7336105 -5.55
c47
5+ 5 1063.1569668 1063.1521926 -4.49
? 5 1063.3521926
(z+1)475+ 5 1066.9779812 1066.9711706 -6.38
(z+2)576+ 6 1070.4127832 1070.4063591 -6.00
y12-2H2O 1 1285.7851510 1285.7966765 8.96
B.1.3. MS/MS/2D MS of Ubiquitin
Table B.20.: Fragments assigned to the ISD MS/MS mass spectrum of Ubiquitin in
denaturing conditions, the first step of the ISD/CAD/IRMPD (or ECD)
MS/MS/2D MS experiment.
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Ion Charge Observed
m/z
Theoretical
m/z
Error
[ppm]
b3 1 373.190402 373.190403 0.00
b4 1 520.259856 520.258817 2.00
b5 1 619.329379 619.327231 3.47
b112+ 2 624.363638 624.3626595 1.57
b122+ 2 674.887856 674.886499 2.01
b132+ 2 731.42925 731.428531 0.98
b142+ 2 781.952438 781.9523705 0.09
b152+ 2 838.493491 838.4944025 -1.09
b162+ 2 903.014217 903.0156995 -1.64
b182+ 2 1017.0712 1017.071204 0.00
b163+ 3 602.346933 602.346225 1.18
b173+ 3 635.370803 635.3690297 2.79
y102+ 2 567.368536 567.3669245 2.84
y112+ 2 617.89037 617.890764 -0.64
y122+ 2 661.407941 661.4067785 1.76
y132+ 2 725.930158 725.9280755 2.87
y142+ 2 789.976556 789.975557 1.26
y152+ 2 854.004811 854.004846 -0.04
y82+ 2 442.295674 442.2954365 0.54
y92+ 2 510.825415 510.8248925 1.02
y143+ 3 526.987191 526.98613 2.01
y153+ 3 569.672843 569.6723227 0.91
y163+ 3 607.36696 607.3670107 -0.08
y183+ 3 699.736956 699.735763 1.70
y273+ 3 1028.5565 1028.558061 -1.52
y244+ 4 682.383624 682.381964 2.43
y254+ 4 711.137945 711.1387 -1.06
y264+ 4 743.399605 743.3993485 0.35
y274+ 4 771.66909 771.6703645 -1.65
y404+ 4 1141.37312 1141.370215 2.55
y547+ 7 876.342514 876.3400567 2.80
y395+ 5 893.888633 893.887074 1.74
y405+ 5 913.294288 913.2976268 -3.66
y435+ 5 973.122473 973.1272512 -4.91
y396+ 6 745.073023 745.0737743 -1.01
y406+ 6 761.249932 761.249235 0.92
y496+ 6 925.00604 925.006693 -0.71
289
B.1. MASS SPECTROMETRY OF UBIQUITIN APPENDIX B. S.I. 4
y506+ 6 946.354074 946.3558535 -1.88
y507+ 7 811.304776 811.3060567 -1.58
y527+ 7 841.7507 841.7505341 0.20
y537+ 7 860.181772 860.1851904 -3.97
y567+ 7 907.206423 907.20786 -1.58
y577+ 7 919.64018 919.641007 -0.90
y587+ 7 933.504411 933.5056876 -1.37
y59-H2O7+ 7 951.940085 951.9403439 -0.27
y617+ 7 984.525236 984.5276307 -2.43
y637+ 7 1015.10966 1015.11788 -8.10
y528+ 8 736.659293 736.6576269 2.26
y538+ 8 752.785107 752.7879511 -3.78
y548+ 8 766.923439 766.9234591 -0.03
y568+ 8 793.929099 793.932787 -4.65
y588+ 8 816.943363 816.9433861 -0.03
y598+ 8 833.074558 833.0737104 1.02
y589+ 9 726.284038 726.2838183 0.30
y739+ 9 910.720406 910.7221214 -1.88
y749+ 9 923.286899 923.2870174 -0.13
Table B.21.: Fragments assigned to the autocorrelation line of the MS/MS/2D MS
spectrum of Ubiquitin respectively activating the protein with nozzle-
skimmer fragmentation (in-source dissociation, ISD), then isolating
the ion y589+ in the quadrupole and fragmenting it with hexapole-
CAD before performing IRMPD 2D MS on the CAD-fragments
(ISD/CAD/IRMPD MS/MS/2D MS).
Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
y143+ 3 526.986130 526.986653 0.99
?3+ 3 556.308950
?3+ 3 563.669028
y163+ 3 607.367011 607.367203 0.32
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED
3 612.991610 612.991647 0.06
GRTLSD/DGRTLS 1 630.320567 630.320610 0.07
SDTIENVKAKIQDKEGIP/
PSDTIENVKAKIQDKEGI
3 656.352985 656.353224 0.36
y122+ 2 661.406779 661.404613 -3.27
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QDKEGI/IQDKEG/
GKQLED/KQLEDG
1 671.335883 671.335863 -0.03
y244+ 4 682.381964 682.379788 -3.19
y376+ 6 709.727156 709.727302 0.21
y254+ 4 711.138700 711.138485 -0.30
y447+ 7 713.677967 713.678409 0.62
QQRLIFAGKQLEDGRTLSD/
DQQRLIFAGKQLEDGRTLS/
ENVKAKIQDKEGIPPDQQR-H2O
3 719.718550 719.718324 -0.31
y325+ 5 723.793853 723.794640 1.09
y132+ 2 725.928076 725.928162 0.12
y589+ 9 726.283818 726.283657 -0.22
y528+ 8 736.657627 736.657601 -0.04
PSDTIENVKAKIQDKEGIPP-
DQQRLIFAGKQLEDGRTLSD
6 739.557846 739.557370 -0.64
y264+ 4 743.399349 743.399229 -0.16
y406+ 6 761.249235 761.249269 0.04
PSDTIENVKAKIQDKEG-
IPPDQQRLIFAGKQLED
5 761.405302 761.405526 0.29
DQQRLIFAGKQLE/
QQRLIFAGKQLED
2 764.417541 764.417586 0.06
PSDTIENVKAKIQ-
DKEGIPPDQQRLIF
3 766.163378 766.163269 -0.14
y548+ 8 766.923459 766.923350 -0.14
y274+ 4 771.670365 771.671325 1.25
y558+ 8 779.554419 779.554499 0.10
PSDTIENVKAKIQD-
KEGIPPDQQRLIFA
4 783.922657 783.922806 0.19
? 6 785.909343
y142+ 2 789.975557 789.975902 0.44
y568+ 8 793.932787 793.930149 -3.32
y284+ 4 803.685009 803.684669 -0.42
y578+ 8 804.811791 804.812201 0.51
?8+ 8 806.060313
y446+ 6 832.456416 832.457205 0.95
y152+ 2 854.004846 854.004552 -0.34
y557+ 7 890.775439 890.775324 -0.13
y39
5+
5 893.887074 893.886928 -0.16
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GRTLSDYN 1 907.426824 907.427078 0.28
y40
5+
5 913.297627 913.297788 0.18
PPDQQRLIFAGKQLEDGRTLSDYN 3 915.131459 915.132135 0.74
?2+ 2 918.978604
?5+ 5 923.478560
ENVKAKIQD 1 1026.557838 1026.557673 -0.16
Table B.22.: IRMPD-fragments assigned to the extraction of the horizontal scan
of the fragment QDKEGIPPDQQRLIFA/PPDQQRLIFAGKQLED3+
from the ISD/CAD/IRMPD MS/MS/2D MS spectrum.
Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
QDKEGIPPDQQRLIFA/
PPDQQRLIFAGKQLED
3 612.99161 612.991474 -0.22
? 2 678.375043
Table B.23.: IRMPD-fragments assigned to the extraction of the horizontal scan
of the fragment y244+ from the ISD/CAD/IRMPD MS/MS/2D MS
spectrum.
Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
GRTLSD-H2O 1 612.309980 612.310002 -0.04
GRTLSD 1 630.320453 630.320567 -0.18
y122+ 2 661.406530 661.406779 -0.38
[y24-H2O]4+ 4 677.879478
y244+ 4 682.382025 682.381964 0.09
y183+ 3 699.735651 699.735763 -0.16
GRTLSDYNIQ 1 1148.566785 1148.569466 -2.33
Table B.24.: IRMPD-fragments assigned to the extraction of the horizontal scan
of the fragment PSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLED5+
from the ISD/CAD/IRMPD MS/MS/2D MS spectrum.
Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
PSDTIENVKAKIQDKEGIPPD 3 759.397142 759.396988 -0.20
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PSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLED-H2O
5 757.803189 757.802683 -0.67
Table B.25.: IRMPD-fragments assigned to the extraction of the horizontal scan
of the fragment y406+ from the ISD/CAD/IRMPD MS/MS/2D MS
spectrum.
Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
y28-H2O4+ 2 799.182368 799.180426 -2.43
y40
5+ 5 913.297627 913.295234 -2.62
y40-H2O6+ 6 758.247474 758.247466 -0.01
Table B.26.: IRMPD-fragments assigned to the extraction of the horizontal scan
of the fragment y589+ from the ISD/CAD/IRMPD MS/MS/2D MS
spectrum.
Ion Charge
Theoretical
m/z
Observed
m/z
Error
[ppm]
GRTLSD/DGRTLS 1 630.320567 630.320496 -0.11
? 2 651.397767
y122+ 2 661.406779 661.406923 0.22
y244+ 4 682.381964 682.381994 0.04
y183+ 3 699.735763 699.735629 -0.19
y132+ 2 725.928076 725.927949 -0.17
y589+ 9 726.283818 726.283973 0.21
IENVKAKIQDKEG/
ENVKAKIQDKEGI
2 727.4041 727.403884 -0.30
PSDTIENVKAKIQ-
DKEGIPPDQQRLI
4 729.396275 729.395768 -0.69
? 2 779.676333
PPDQQRLIFAGKQLED/
QDKEGIPPDQQRLIFA
2 918.983777 918.983769 -0.01
SDTIENVKAKIQDKEGIP/
PSDTIENVKAKIQDKEGI
2 984.02584 984.025841 0.00
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Table B.27.: IRMPD-fragments assigned to the extraction of the horizontal scan of
the fragment y152+ from the ISD/CAD/IRMPD MS/MS/2D MS spec-
trum.
Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
? 2 794.433687
? 2 822.758908
y15-H2O2+ 2 844.999564 844.998982 -0.69
y152+ 2 854.004846 854.003945 -1.05
Table B.28.: Fragments assigned to the autocorrelation line of the MS/MS/2D MS
spectrum of Ubiquitin respectively activating the protein with nozzle-
skimmer fragmentation (in-source dissociation, ISD), then isolating the
ion y589+ in the quadrupole and fragmenting it with hexapole-CAD
before performing ECD 2DMS on the CAD-fragments (ISD/CAD/ECD
MS/MS/2D MS).
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
z 4 1 386.227220 386.230238 7.81
z 5 1 542.328331 542.329715 2.55
?2+ 2 625.367549
c10 2 647.349127 647.348349 -1.20
z 122+ 2 653.397417 653.398173 1.16
z 6 1 655.412395 655.413831 2.19
y234+ 4 668.126598 668.114724 -17.77
y244+ 4 682.381964 682.383489 2.24
c11 2 711.870424 711.871024 0.84
z 132+ 2 717.918714 717.918835 0.17
c12 2 755.386439 755.386459 0.03
z 142+ 2 781.966195 781.966336 0.18
c6 1 810.410445 810.410602 0.19
z 152+ 2 845.995484 845.997435 2.31
c14 2 862.452310 862.451604 -0.82
c21 3 871.164545 871.165224 0.78
? 3 875.502167
z 233+ 3 885.160131 885.159635 -0.56
c22 3 890.171700 890.174479 3.12
? 3 894.835308
z 162+ 2 902.537516 902.538168 0.72
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c15 2 930.981766 930.980833 -1.00
z 172+ 2 959.558980 959.559185 0.21
y172+ 2 967.568342 967.568533 0.20
c16 2 987.523798 987.525355 1.58
c17 2 1037.058005 1037.057998 -0.01
z 182+ 2 1041.090645 1041.090079 -0.54
c18 2 1093.600037 1093.598730 -1.19
z 192+ 2 1098.604117 1098.603494 -0.57
? 1 1111.644672
? 1 1121.581959
z 202+ 2 1142.120131 1142.122035 1.67
c9 1 1165.596015 1165.594686 -1.14
c19 2 1171.650593 1171.651278 0.58
z 212+ 2 1198.662163 1198.663550 1.16
z 11 1 1218.755528 1218.753975 -1.27
c20 2 1228.192625 1228.192366 -0.21
z 222+ 2 1249.186003 1249.184771 -0.99
c10 1 1293.690978 1293.690974 0.00
z 12 1 1305.787557 1305.787990 0.33
c22 2 1334.753912 1334.735734 -13.62
? 2 1342.257078
? 2 1347.740523
? 2 1356.252737
c11 1 1422.733572 1422.732586 -0.69
c12 1 1509.765601 1509.761448 -2.75
Table B.29.: ECD-fragments assigned to the extraction of the horizontal scan of the
fragment y244+ from the ISD/CAD/ECD MS/MS/2D MS spectrum.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
z 4 1 386.227220 386.230238 7.81
z 5 1 542.328331 542.329715 2.55
?2+ 2 625.367549
c10 2 647.349127 647.348349 -1.20
z 122+ 2 653.397417 653.398173 1.16
z 6 1 655.412395 655.413831 2.19
y234+ 4 668.126598 668.114724 -17.77
y244+ 4 682.381964 682.383489 2.24
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c11 2 711.870424 711.871024 0.84
z 132+ 2 717.918714 717.918835 0.17
c12 2 755.386439 755.386459 0.03
z 142+ 2 781.966195 781.966336 0.18
c6 1 810.410445 810.410602 0.19
z 152+ 2 845.995484 845.997435 2.31
c14 2 862.452310 862.451604 -0.82
c21 3 871.164545 871.165224 0.78
? 3 875.502167
z 233+ 3 885.160131 885.159635 -0.56
c22 3 890.171700 890.174479 3.12
? 3 894.835308
z 162+ 2 902.537516 902.538168 0.72
c15 2 930.981766 930.980833 -1.00
z 172+ 2 959.558980 959.559185 0.21
y172+ 2 967.568342 967.568533 0.20
c16 2 987.523798 987.525355 1.58
c17 2 1037.058005 1037.057998 -0.01
z 182+ 2 1041.090645 1041.090079 -0.54
c18 2 1093.600037 1093.598730 -1.19
z 192+ 2 1098.604117 1098.603494 -0.57
? 1 1111.644672
? 1 1121.581959
z 202+ 2 1142.120131 1142.122035 1.67
c9 1 1165.596015 1165.594686 -1.14
c19 2 1171.650593 1171.651278 0.58
z 212+ 2 1198.662163 1198.663550 1.16
z 11 1 1218.755528 1218.753975 -1.27
c20 2 1228.192625 1228.192366 -0.21
z 222+ 2 1249.186003 1249.184771 -0.99
c10 1 1293.690978 1293.690974 0.00
z 12 1 1305.787557 1305.787990 0.33
c22 2 1334.753912 1334.735734 -13.62
? 2 1342.257078
? 2 1347.740523
? 2 1356.252737
c11 1 1422.733572 1422.732586 -0.69
c12 1 1509.765601 1509.761448 -2.75
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Table B.30.: ECD-fragments assigned to the extraction of the horizontal scan of the
fragment y589+ from the ISD/CAD/ECD MS/MS/2D MS spectrum.
Fragment Ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
y183+ 3 699.735763 699.735525 -0.3
y132+ 2 725.928076 725.928574 0.7
y589+ 9 726.283818 726.284161 0.5
z 527+ 7 839.462145 839.461929 -0.3
c_52 7 840.163217 840.164606 1.7
z 456+ 6 848.957786 848.958566 0.9
z8 1 867.564873 867.563841 -1.2
c_54 7 878.618242 878.618309 0.1
z 557+ 7 888.487050 888.485400 -1.9
c_57 7 925.219190 925.214021 -5.6
c_53 6 998.869885 998.870031 0.1
z 9 1 1004.623785 1004.623650 -0.1
z10 1 1117.707849 1117.708271 0.4
z 11 1 1218.755528 1218.756052 0.4
z 12 1 1305.787557 1305.787373 -0.1
z 13 1 1434.830151 1434.829955 -0.1
? 7 858.181497
Table B.31.: ECD-fragments assigned to the extraction of the horizontal scan of the
fragment y405+ from the ISD/CAD/ECD MS/MS/2D MS spectrum.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
c16-NH3 2 918.983777 918.985819 2.22
? 4 1116.114945
c39 4 1126.868845 1126.862533 -5.60
? 4 1130.366300
? 4 1137.365032
CRS4 4 1138.869711
y343+ 3 1281.040948 1281.041869 0.72
c24 2 1323.685362 1323.682244 -2.36
z 353+ 3 1327.73508 1327.73996 3.68
c36 3 1393.420488 1393.423731 2.33
z 373+ 3 1413.107462 1413.106143 -0.93
c37 3 1431.115176 1431.115215 0.03
z 383+ 3 1451.449777 1451.453499 2.56
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c39 3 1502.156034 1502.141239 -9.85
? 3 1507.478830
CRS3 3 1522.492412
B.1.4. Parameters for MS acquisition of Ubiquitin
Table B.32.: Parameters used for the acquisition of the one-dimensional and two-
dimensional mass spectra of Ubiquitin.
Parameters
FT-ICR MS MS/2D MS
MS CAD
MS/MS
CAD/
IRMPD
(MS3)
CAD/
ECD
(MS3)
CAD/
IRMPD
CAD/
ECD
Acquisition mode
Acquisition
size
[datapoints,
16 bit]
4M 4M 4M 4M 512k 512k
Horizontal
low mass
cut-off
[m/z ]
147.41 147.41 147.41 147.41 368.2 368.2
Horizontal
high mass
cut-off
[m/z ]
3000 3000 3000 3000 3000 3000
Transient
length, t2 [s]
1.6777 1.6777 1.6777 1.6777 0.2097 0.2097
Ion accumu-
lation time
[s]
0.2 0.2 0.2 0.2 0.2 0.2
Ion cooling
time [s]
0.1 0.1 0.1 0.1 0.1 0.1
Source (ESI)
Flow rate
[uL/h]
70 70 70 70 70 70
Capillary
voltage [V]
-4800 -4800 -4800 -4800 -4800 -4800
EP Off-set
[v]
-500 -500 -500 -500 -500 -500
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Nebuliser
Pressure
[bar]
1.2 1.2 1.2 1.2 1.2 1.2
Capillary
exit [V]
200 200 200 200 200 200
Deflector
plate [V]
220 220 220 220 220 220
Funnel [V] 150 150 150 150 150 150
Skimmer [V] 10 10 10 10 10 10
Funnel RF
[Vpp]
200 200 200 200 200 200
Collision cell
Collision
voltage [V]
-4 -20 -16 -16 -16 -16
DC extract
bias [V]
0.6 0.6 0.6 0.6 0.6 0.6
RF
frequency
[MHz]
2 2 2 2 2 2
Collision RF
Amplitude
[Vpp]
1400 1400 1400 1400 1400 1400
Octopole
Frequency
[MHz]
2 2 2 2 2 2
RF
Amplitude
[Vpp]
1400 1400 1400 1400 1400 1400
Transfer optics
Time of
Flight [s]
0.001 0.001 0.001 0.001 0.001 0.001
Frequency
[MHz]
4 4 4 4 4 4
RF
Amplitude
[Vpp]
350 350 350 350 350 350
ICR-cell
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Transfer
exit Lens
[V]
-15 -15 -15 -15 -15 -15
Analyser
entrance [V]
-8 -8 -8 -8 -8 -8
Side kick [V] 10 10 10 10 10 10
Side kick
offset [V]
-5 -5 -5 -5 -5 -5
Front Trap
plate [V]
0.55 0.60 0.60 0.60 0.60 0.60
Back Trap
plate [V]
0.57 0.62 0.62 0.62 0.62 0.62
Sweep
Excitation
power, P3
[%]
12 12 12 12 12 12
In-cell manipulations
multi-CHEF 2D MS programme
t1 [s] n/a n/a n/a n/a 1.0E-06 1.0E-06
t1 increment
[s]
n/a n/a n/a n/a 1.0E-06 1.0E-06
P1 and P2
pulse length
[s]
n/a n/a n/a n/a 4.0E-07 4.0E-06
P1 and P2
excitation
power [Db]
n/a n/a n/a n/a 10.42 10.42
Loops n/a n/a n/a n/a 2048 2048
Isolation
power [%]
n/a n/a 69 69 n/a n/a
Ejection
range [m/z ]
n/a n/a 100-3000
100-
3000
n/a n/a
Notch width
[m/z ]
n/a n/a 4 4 n/a n/a
Shots length
[s]
n/a n/a 0.158465 0.158465 n/a n/a
Shots power
[%]
n/a n/a 5 5 n/a n/a
In-cell Fragmentation
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Laser Power
(25W) [%]
/ / 50 / 50 /
IR pulse
length [s]
/ / 0.3 / 0.16 /
ECD
pulselength
[s]
/ / / 0.6 / 0.016
ECD bias / / / 1.5 / 1.5
ECD
Extraction
lens
/ / / 10 / 10
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B.2. Mass Spectrometry of Calmodulin
B.2.1. One-dimensional MS of Calmodulin
Table B.33.: Fragments assigned to the one-dimensional CAD MS/MS spectrum of
Calmodulin in denaturing conditions.
Ion Charge Observed
m/z
Theoretical
m/z
Error
[ppm]
y4 1 450.237927 450.238082 -0.34
AELQD 1 557.256468 557.256570 -0.18
b5 1 571.272036 571.272220 -0.32
y5 1 581.278567 581.278567 0.00
DMINE 1 603.244246 603.244291 -0.07
NPTEAE 1 642.272905 642.272949 -0.07
NEVDAD/ADIDGDG 1 644.252191 644.252214 -0.04
b6-H2O 1 682.304283 682.304249 0.05
y6-NH3 1 692.310630 692.310596 0.05
? 1 702.313161
y6 1 709.337144 709.337145 0.00
y12 2 745.836430 745.836347 0.11
PTEAELQ 1 769.372692 769.372663 0.04
y13 2 795.370767 795.370554 0.27
AELQDMI 1 801.381432 801.381119 0.39
y7 1 808.405852 808.405559 0.36
EAELQDM/DMINEVD 1 817.339856 817.339649 0.25
b7 1 829.357023 829.357408 -0.46
? 2 835.894444
LQDMINE/ELQDMIN 1 844.387118 844.386933 0.22
QNPTEAEL/ NPTEAELQ 1 883.415619 883.415591 0.03
? 1 884.400036
AELQDMIN 1 915.424053 915.424047 0.01
LQDMINEV 1 943.455433 943.455347 0.09
b16 2 946.949345 946.949267 0.08
y8 1 955.474257 955.473973 0.30
b44-NH3 5 968.476188 968.472885 3.41
ELQDMINE 1 973.429364 973.429527 -0.17
y17 2 973.934603 973.934779 -0.18
b45-H2O 5 994.084640 994.084600 0.04
b45 5 997.688673 997.686713 1.96
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NPTEAELQD 1 998.442806 998.442535 0.27
DMINEVDAD 1 1003.403477 1003.403707 -0.23
b27-H2O 3 1008.477013 1008.476739 0.27
b46 5 1011.894279 1011.894136 0.14
? 2 1013.977790
? 2 1014.976509
? 1 1015.439915
y18 2 1031.448051 1031.448251 -0.19
b47-H2O 5 1034.100078 1034.100542 -0.45
b37-H2O 4 1035.758243 1035.758406 -0.16
b47 5 1037.702782 1037.702655 0.12
? 2 1039.005216
b37 4 1040.261179 1040.261048 0.13
AELQDMINE/ EAELQDMIN 1 1044.466910 1044.466641 0.26
b28 3 1048.163534 1048.162820 0.68
b48-H2O 5 1056.718425 1056.717355 1.01
b38-H2O 4 1057.514582 1057.516414 -1.73
b48 5 1060.319520 1060.319468 0.05
b38 4 1062.019406 1062.019055 0.33
b9 1 1070.499793 1070.500050 -0.24
b29-H2O 3 1075.842010 1075.841858 0.14
y19-H2O 2 1078.997600 1078.985001
b39-2H2O 4 1081.285086 1081.284788 0.28
b49-NH3 5 1082.524153 1082.525873 -1.59
y9 1 1084.516569 1084.516567 0.00
b39-H2O 4 1085.787276 1085.787430 -0.14
b49 5 1085.931256 1085.931183 0.07
y19 2 1087.990234 1087.990283 -0.05
b39 4 1090.289860 1090.290071 -0.19
b40-H2O 4 1100.042667 1100.042796 -0.12
b40 4 1104.545595 1104.545437 0.14
b50-H2O 5 1105.335035 1105.334459 0.52
b50 5 1108.936466 1108.936572 -0.10
? 5 1119.945778
b19 2 1120.547587 1120.541520 5.41
? 2 1121.026046
b51-H2O 5 1131.543610 1131.542556 0.93
b41-H2O 4 1132.057416 1132.057440 -0.02
b51 5 1135.144437 1135.144669 -0.20
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b41 4 1136.559763 1136.560081 -0.28
? 4 1140.064673
b10 1 1141.537034 1141.537164 -0.11
GEKLTDEEV ? 1 1143.534992
y50-2H2O 5 1148.750259 1148.745055 4.53
? 5 1152.162462
b52-H2O 5 1154.159419 1154.159369 0.04
b42-2H2O 4 1156.060163 1156.065531 -4.64
b52 5 1157.761029 1157.761482 -0.39
b42-H2O 4 1160.568790 1160.568172 0.53
b42-H2O deam? 4 1160.812829 1160.814176 -1.16
y30 3 1164.514272 1164.514431 -0.14
b42 4 1165.070668 1165.070813 -0.12
b31 3 1167.557724 1167.557899 -0.15
? 5 1168.347567
NYEEFVQMM 1 1172.475149 1172.475097 0.04
? 3 1173.173708
b53-H2O 5 1176.966852 1176.967954 -0.94
b53 5 1180.569687 1180.570067 -0.32
GQNPTEAELQD 1 1183.522644 1183.522577 0.06
? 1 1186.545941
ELQDMINEVD 1 1187.524749 1187.524885 -0.11
b43 4 1189.333917 1189.334004 -0.07
b54-H2O 5 1202.776165 1202.776473 -0.26
b32 3 1205.252069 1205.252587 -0.43
b54 5 1206.377652 1206.378586 -0.77
? 5 1209.382380
? 4 1210.344746
y10 1 1213.558961 1213.559161 -0.16
b44 4 1214.595986 1214.595924 0.05
? 5 1219.181231
? 5 1220.586816
b55-H2O 5 1222.587979 1222.590156 -1.78
b55 5 1226.191471 1226.192269 -0.65
b45-H2O 4 1242.353350 1242.353931 -0.47
PTEAELQDMIN/ NPTEAELQDMI 1 1242.566821 1242.567084 -0.21
b56-H2O 5 1245.597006 1245.595545 1.17
b45 4 1246.855858 1246.856573 -0.57
b56 5 1249.197215 1249.197658 -0.35
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b34-H2O 3 1251.937639 1251.938780 -0.91
? 5 1256.401097
? 5 1258.005198
AELQDMINEVD/ ELQDMINEVDA 1 1258.562157 1258.561999 0.13
b55-H2O 5 1259.802040 1259.802968 -0.74
b46-H2O 4 1260.112713 1260.113210 -0.39
b55 5 1263.404712 1263.405081 -0.29
b46 4 1264.617946 1264.615851 1.66
b58-H2O 5 1282.806987 1282.808356 -1.07
b35-H2O 3 1284.961439 1284.961584 -0.11
b58 5 1286.409909 1286.410469 -0.44
b35 3 1290.964525 1290.965106 -0.45
b47-H2O 4 1292.373099 1292.373858 -0.59
b59-NH3 5 1294.413142
b47 4 1296.876108 1296.876500 -0.30
b59 5 1297.814850 1297.814762 0.07
b22 2 1299.616655 1299.615946 0.55
y91 8 1309.489188 1309.490072 -0.68
y92 8 1318.369091 1318.369711 -0.47
b60 5 1320.620332 1320.623348 -2.28
b48-H2O 4 1320.645719 1320.644874 0.64
b48 4 1325.146922 1325.147516 -0.45
b61 5 1332.026345 1332.027641 -0.97
b36 3 1334.645760 1334.645268 0.37
y94-H2O 8 1342.879079 1342.880310 -0.92
y94 8 1345.127751 1345.131631 -2.88
? 6 1346.299331
b49-H2O 4 1352.659724 1352.659519 0.15
NPTEAELQDMIN 1 1356.610107 1356.610012 0.07
b49 4 1357.161036 1357.162160 -0.83
y95 8 1361.260171 1361.261955 -1.31
PTEAELQDMINE 1 1371.609391 1371.609678 -0.21
y96 8 1375.515908 1375.517321 -1.03
b24 2 1385.640148 1385.640150 0.00
b50 4 1385.918432 1385.918896 -0.33
y97-NH3 8 1387.523731 1387.524511 -0.56
y97 8 1389.652007 1389.652829 -0.59
MH12 12 1399.491419 1399.328225
b51-H2O 4 1414.176371 1414.176376 0.00
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y85 7 1416.810961 1416.809822 0.80
b51 4 1418.678368 1418.679017 -0.46
y99 8 1420.409916 1420.411258 -0.94
b52-H2O 4 1442.445725 1442.447392 -1.16
AELQDMINEVDAD 1 1444.626205 1444.626057 0.10
b52 4 1446.948579 1446.950033 -1.01
y88 7 1455.544814 1455.545995 -0.81
b142 11 1462.053385 1462.054687 -0.89
PTEAELQDMINEV 1 1470.676098 1470.678092 -1.36
? 5 1471.701777
y89 7 1471.836657 1471.837842 -0.80
? 10 1473.204367
b53 4 1475.459454 1475.460765 -0.89
y90 7 1479.981875 1479.983765 -1.28
NPTEAELQDMINE 1 1485.652314 1485.652606 -0.20
y12 1 1490.665076 1490.665418 -0.23
y91 7 1496.414728 1496.416186 -0.97
y92 7 1506.561549 1506.564345 -1.86
b54 4 1507.722469 1507.721414 0.70
? 11 1511.526555
? 11 1513.163836
y93 7 1522.994678 1522.996765 -1.37
b55 4 1532.487252 1532.488517 -0.83
? 7 1534.431923
y94 7 1537.149174 1537.149396 -0.14
? 7 1539.437860
y95 7 1555.583270 1555.584052 -0.50
b56 4 1561.244756 1561.245253 -0.32
? 7 1569.300076
y96 7 1571.874581 1571.875899 -0.84
b55 4 1579.004183 1579.004532 -0.22
NPTEAELQDMINEV 1 1584.720438 1584.721020 -0.37
? 7 1585.598201
y97 7 1588.031568 1588.030765 0.51
? 7 1588.141701
? 7 1604.461720
? 7 1604.715737
y98 7 1606.747812 1606.750835 -1.88
b59-3H2O 4 1608.008575 1608.508710
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QNPTEAELQDMINE 1 1613.709959 1613.711184 -0.76
y99-NH3 ? 7 1620.895391 1620.750891
b59 4 1622.017828 1622.016634 0.74
y99 7 1623.184649 1623.183255 0.86
y100-NH3 7 1639.188791 1639.044974
y100 7 1641.475669 1641.477338 -1.02
b60 4 1650.527695 1650.527366 0.20
PTEAELQDMINEVDA 1 1656.740351 1656.742150 -1.09
GQNPTEAELQDMINE 1 1670.732911 1670.732648 0.16
? 1 1682.720795
QNPTEAELQDMINEV 1 1712.777743 1712.779598 -1.08
? 3 1735.165029
DGDGQVNYEEFVQMM 1 1743.699284 1743.698905 0.22
? 2 1746.266922
GQNPTEAELQDMINEV 1 1769.800627 1769.801062 -0.25
PTEAELQDMINEVDAD 1 1771.768377 1771.769094 -0.40
y15 1 1774.812276 1774.813874 -0.90
QNPTEAELQDMINEVD 1 1827.804265 1827.806542 -1.25
? 1 1867.800147
GQNPTEAELQDMINEVD 1 1884.828461 1884.828006 0.24
NPTEAELQDMINEVDADG/
PTEAELQDMINEVDADGN
1 1942.830820 1942.833486 -1.37
y17 1 1946.862280 1946.862282 0.00
GQNPTEAELQDMINEVDA 1 1955.863039 1955.865120 -1.06
QNPTEAELQDMINEVDADG/
GQNPTEAELQDMINEVDAD
1 2070.890318 2070.892064 -0.84
B.2.2. MS/2D MS of Calmodulin
B.2.2.1. CAD/IRMPD MS/2D MS of CaM
The 2D spectrum of figure 4.a was acquired with 2k data-points in the vertical
dimension and 512k data-points (16 bit) in the horizontal dimension. The vertical
resolving power was RPv ≈ 1500, while the horizontal resolving power was RPh
≈ 60000, both reported at m/z 400. The resulting total resolving power for the
2D mass spectrum of Figure 4.a is RP2D ≈ 90000000, reported at m/z 400. The
instrument was externally calibrated using a standard known mixture. The 2D mass
spectrum exhibits a clear autocorrelation line, whose signals correspond with the
precursors in correlation with their own cyclotron frequency. The 2D mass spectrum
shows also fragment ions from primary CAD ions generated by IRMPD in the ICR-
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cell. Harmonic lines and noise lines corresponding to frequencies captured during the
acquisition can also be observed. Scintillation noise was minimised using the urQRd
algorithm, whose de-noising rank was sufficient for a clear visualisation of the 2D
mass spectrum.
Table B.34.: CAD fragments assigned to the autocorrelation line of the
CAD/IRMPD MS/2D MS experiment on CaM.
Precursor ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
Internal
y4 1 450.238082 450.237252 1.84
AELQD 1 557.256570 557.256391 0.32 46-50
b5 1 571.272220 571.272281 -0.11
y5 1 581.278567 581.277702 1.49
DMINE 1 603.244291 603.245342 -1.74 50-54
NPTEAE 1 642.272949 642.272972 -0.04 42-47
NEVDAD/ ADIDGDG 1 644.252214 644.252256 -0.07
b6-H2O 1 682.304249 682.303826 0.62
GQVNYE 1 691.304600 691.306375 -2.57 134-139
? 2 702.312273
y6 1 709.337145 709.326292 15.30
y12 2 745.836347 745.836405 -0.08
NYEEFV/VNYEEF 1 782.335500 782.335278 0.28
y13 2 795.370554 795.370698 -0.18
AELQDMI 1 801.381119 801.381476 -0.45 46-52
y7 1 808.405559 808.404651 1.12
IREADID 1 813.344700 813.343908 0.97 125-131
EAELQDM/ DMINEVD 1 817.339649 817.339823 -0.21
DGNGTIDF/ GQVNYEE 1 820.347200 820.348384 -1.44
GQNPTEAE 1 827.353000 827.352437 0.68
b7 1 829.357408 829.357339 0.08
QDMINEV 1 830.371300 830.372007 -0.85 49-55
? 2 835.891340
LQDMINE/ ELQDMIN 1 844.386933 844.387624 -0.82
? 1 884.399641
LQDMINEV 1 943.455347 943.454436 0.97 48-55
b16 2 946.949267 946.950328 -1.12
y8 1 955.473973 955.473291 0.71
? 6 961.967999
b44-H2O 5 968.276100 968.275281 0.85
b44 5 971.878200 971.876769 1.47
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ELQDMINE 1 973.429527 973.430300 -0.79 47-54
DGDGQVNYE 1 978.379900 978.379207 0.71 131-139
b17-H2O 2 981.460000 981.463402 -3.47
b45-H2O 5 994.084600 994.084355 0.25
b45 5 997.686713 997.685926 0.79
NPTEAELQD 1 998.442535 998.451681 -9.16 42-50
? 6 1002.483911
? 6 1005.483795
b27-H2O 3 1008.476739 1008.490591 -13.74
b46 5 1011.894136 1011.894757 -0.61
? 6 1018.993706
? 6 1021.995236
b47-H2O 5 1034.100542 1034.103828 -3.18
b47 5 1037.702655 1037.702269 0.37
b37 4 1040.261048 1040.261333 -0.27
AELQDMINE/ EAELQDMIN 1 1044.466641 1044.469617 -2.85 46-54/
45-53
b18 2 1047.007300 1047.007948 -0.62
?-H2O 6 1050.006841
? 6 1053.007879
b48-H2O 5 1056.717355 1056.715775 1.49
b48 5 1060.319468 1060.319639 -0.16
b38 4 1062.019055 1062.021245 -2.06
b9 1 1070.500050 1070.507647 -7.10
b29-H2O 3 1075.841858 1075.843873 -1.87
b49-NH3 5 1082.525873 1082.527639 -1.63
y9 1 1084.516567 1084.513810 2.54
b49 5 1085.931183 1085.934533 -3.08
y19 2 1087.990283 1088.002125 -10.88
b39 4 1090.290071 1090.290962 -0.82
b40 4 1104.545437 1104.547310 -1.70
b50 5 1108.936572 1108.937801 -1.11
b19 2 1120.541520 1120.541898 -0.34
b51 5 1135.144669 1135.145339 -0.59
b41 4 1136.560081 1136.557279 2.47
b10 1 1141.537164 1141.538770 -1.41
b52-H2O 5 1154.159369 1154.158732 0.55
b52 5 1157.761482 1157.761959 -0.41
b42 4 1165.070813 1165.056253 12.50
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b53 5 1180.570067 1180.567182 2.44
b54 5 1206.378586 1206.371870 5.57
b55 5 1226.192269 1226.185247 5.73
b45 4 1246.856573 1246.859496 -2.34
b47 4 1296.876500 1296.874042 1.89
b48 4 1325.147516 1325.160317 -9.66
y93 8 1332.748100 1332.746166 1.45
b51 4 1418.679017 1418.676242 1.96
b52 4 1446.950033 1446.940278 6.74
NPTEAELQDMINE 1 1485.652606 1485.642414 6.86 42-54
EEEIREAFRVFD 1 1521.7332 1521.721712 7.55 82-93
NPTEAELQDMINEV 1 1584.721020 1584.716534 2.83 42-55
DGDGQVNYEEFVQM 1 1612.658400 1612.657381 0.63 131-144
b29 2 1622.264400 1622.267799 -2.10
GDGQVNYEEFVQMM 1 1628.672000 1628.678904 -4.24 132-145
PTEAELQDMINEVDA 1 1656.742100 1656.731559 6.36 43-57
GQNPTEAELQDMINE 1 1670.732648 1670.731305 0.80 40-54
NPTEAELQDMINEVD 1 1699.748000 1699.743736 2.51 42-56
QNPTEAELQDMINEV 1 1712.779598 1712.803080 -13.71 41-55
DGDGQVNYEEFVQMM-
H2O
1 1725.688300 1725.672986 8.87 131-145
GDGQVNYEEFVQMMT 1 1729.719600 1729.719975 -0.22 132-146
DGDGQVNYEEFVQMM 1 1743.698905 1743.698595 0.18 131-145
GQNPTEAELQDMINEV-NH3
NPTEAELQDMINEVDA-H2O
1 1752.774500 1752.783885 -5.35
GQNPTEAELQDMINEV 1 1769.801062 1769.801708 -0.36 40-55
DGDGQVNYEEFVQMMT 1 1844.746600 1844.742435 2.26 131-146
GQNPTEAELQDMINEVD 1 1884.828006 1884.828505 -0.26 40-56
? 1 1892.889751
TDEEVDEMIREADIDGD-
2H2O
1 1897.775600 1897.775904 -0.16 117-133
GQNPTEAELQDMINEVDA 1 1955.865120 1955.874241 -4.66 40-57
DIDGDGQVNYEEFVQMM 1 1971.809900 1971.799666 5.19 129-145
B.2.2.2. CAD/ECD MS/2D MS of CaM
The 2D mass spectrum was acquired with 2k data-points in the vertical dimensions
and 1M data-points (16 bit) in the horizontal dimension. The resulting vertical and
horizontal resolving powers are respectively RPv ≈ 600 and RPh ≈ 100000, reported
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at m/z 400. The total resolving power was RP2D ≈ 60 M, reported at the same m/z.
Calibration was performed internally during instrumentation setup, using a standard
mixture. The 2D mass spectrum of Figure 4.e shows a clear autocorrelation line and
peaks corresponding to fragmentation of the precursor ions. Several harmonic lines
and electron-capture lines can be observed. Electron-capture lines are highlighted in
the spectrum, showing all the precursors that capture one or more electron during
the fragmentation period with ECD in the ICR-cell. Scintillation noise was reduced
through the urQRd algorithm to a level that made possible to analyse and interpret
the 2D mass spectrum.
Table B.35.: CAD fragments assigned to the autocorrelation line of the CAD/ECD
MS/2D MS experiment on CaM.
Fragment ion Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
Internal
PTEAE 1 528.23 528.229218 1.48 43-47
NYEE 1 536.1987 536.197937 1.42 37-40
AELQD 1 557.25657 557.256261 0.55 46-50
b5 1 571.27222 571.271575 1.13
y5 1 581.278567 581.278635 -0.12
PTEAEL 1 641.3141 641.314357 -0.40 43-48
NPTEAE 1 642.272949 642.273193 -0.38 42-47
NEVDAD/ ADIDGDG 1 644.252214 644.253124 -1.41
b6-H2O 1 682.304249 682.306059 -2.65
y11 2 688.8149 688.814236 0.96
y6-NH3 1 692.310596 692.312884 -3.31
? 1 702.313161 702.313380 -0.31
y6 1 709.337145 709.337596 -0.64
y12 2 745.836347 745.842473 -8.21
PTEAELQ 1 769.372663 769.376470 -4.95 43-49
NYEEFV/ VNYEEF 1 782.3355 782.337189 -2.16
y13 2 795.370554 795.371245 -0.87
AELQDMI 1 801.381119 801.384718 -4.49 46-52
y7 1 808.405559 808.410600 -6.24
DGNGYISAA-2H2O ? 1 obs 813.36 813.349172
EAELQDM/DMINEVD 1 817.339649 817.341385 -2.12
GQNPTEAE 1 827.353 827.355943 -3.56 40-47
b7 1 829.357408 829.361369 -4.78
? 2 835.894444 835.896468 -2.42
LQDMINE/ ELQDMIN 1 844.386933 844.391137 -4.98
b15 2 873.4151 873.416881 -2.04
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QNPTEAEL/ NPTEAELQ 1 883.415591 883.418610 -3.42
? 1 884.400036 884.404264 -4.78
QVNYEEF/ NYEEFVQ 1 910.3941 910.396928 -3.11
AELQDMIN 1 915.424047 915.426880 -3.09 46-53
? 6 obs 921.462 921.452225
b42-H2O 5 928.656000 928.660891 -5.27
b42 5 932.2581 932.261479 -3.62
LQDMINEV 1 943.455347 943.454829 0.55 48-55
b16 2 946.949267 946.948885 0.40
y8 1 955.473973 955.479018 -5.28
? 6 obs 961.984 961.970093
? 5 obs 962.895 962.805820
b44-H2O 5 968.2761 968.278839 -2.83
b44 5 971.8782 971.881198 -3.08
DGDGQVNYE 1 978.3799 978.382787 -2.95 31-39
b17-H2O 2 981.46 981.458885 1.14
b45-2H2O 5 990.4825 990.481702 0.81
b45-H2O 5 994.0846 994.088114 -3.53
b45 5 997.686713 997.690910 -4.21
NPTEAELQD 1 998.442535 998.445114 -2.58 42-50
? 6 obs 1002.5 1002.486214
b27-H2O 3 1008.47674 1008.477937 -1.19
b46 5 1011.89414 1011.897645 -3.47
y18 2 1031.44825 1031.446932 1.28
b47-H2O 5 1034.10054 1034.105283 -4.58
b37-H2O 4 1035.75841 1035.764857 -6.23
b47 5 1037.70265 1037.705807 -3.04
b37 4 1040.26105 1040.265825 -4.59
AELQDMINE/ EAELQDMIN 1 1044.46664 1044.471924 -5.06
? 6 obs 1050.03 1050.012127
? 6 obs 1056.03 1055.475919
b48-H2O 5 1056.71735 1056.720151 -2.65
b38-H2O 4 1057.51641 1057.522508 -5.76
b48 5 1060.31947 1060.322963 -3.30
b38 4 1062.01905 1062.021917 -2.70
y9-H2O 1 1066.5 1066.504788 -4.49
b9 1 1070.50005 1070.501031 -0.92
? 2 1076.19 1076.178094 11.06
b39-2H2O 4 1081.28479 1081.288302 -3.25
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b49-H2O 5 1082.32907 1082.326989 1.92
y9 1 1084.51657 1084.520372 -3.51
b39-H2O 4 1085.78743 1085.791275 -3.54
b49 5 1085.93118 1085.933687 -2.31
b39 4 1090.29007 1090.294277 -3.86
? 4 obs 1093.57 1093.798130
b40-H2O 4 1100.0428 1100.048668 -5.34
b40 4 1104.54544 1104.549989 -4.12
b50 5 1108.93657 1108.941953 -4.85
b19 2 1120.54152 1120.542982 -1.30
b51-H2O 5 1131.54256 1131.546635 -3.60
b41-H2O 4 1132.05744 1132.061280 -3.39
b51 5 1135.14467 1135.150301 -4.96
b41 4 1136.56008 1136.564219 -3.64
b10 1 1141.53716 1141.530251 6.06
y90-H2O 9 1149.3211 1149.332209 -9.67
b52-H2O 5 1154.15937 1154.164167 -4.16
b52 5 1157.76148 1157.766645 -4.46
b42-H2O 4 1160.56817 1160.575753 -6.53
b42-H2O deamidated 4 1160.81418 1160.821279 -6.12
y90 9 1164.1031 1164.107863 -4.09
b42 4 1165.07081 1165.075349 -3.89
y92-NH3 9 1170.1043 1170.111609 -6.25
y92 9 1171.9961 1172.001147 -4.31
b53 5 1180.57007 1180.580754 -9.05
y93-H2O 9 1182.7757 1182.778857 -2.67
y93 9 1184.7769 1184.780062 -2.67
y96-2NH3 9 1219.0103 1219.016379 -4.99
y96-NH3 9 1220.9021 1220.911673 -7.84
b55-H2O 5 1222.59016 1222.574650 12.68
b55 5 1226.19227 1226.200988 -7.11
PTEAELQDMIN/
NPTEAELQDMI
1 1242.56708 1242.554454 10.16
b45 4 1246.85657 1246.861835 -4.22
? 2 obs 1247.38 1247.279620
b55 5 1263.40508 1263.383515 17.07
b46 4 1264.61585 1264.621188 -4.22
b47 4 1296.8765 1296.878982 -1.91
y91-2NH3 8 1305.2334 1305.246159 -9.77
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y91-NH3 8 1307.3617 1307.374492 -9.78
y91 8 1309.49007 1309.503065 -9.92
y92 8 1318.36971 1318.371954 -1.70
b48 4 1325.14752 1325.118833 21.64
y93-NH3 8 1330.6198 1330.628293 -6.38
y93 8 1332.7481 1332.753610 -4.13
y94-H2O 8 1342.88031 1342.886148 -4.35
y96 8 1375.51732 1375.517607 -0.21
b50 4 1385.9189 1385.928876 -7.20
b51 4 1418.67902 1418.684627 -3.95
? 7 obs 1440.15 1439.973450
b52 4 1446.95003 1446.963298 -9.17
? 11 1462.05339 1462.052908 0.33
PTEAELQDMINEV 1 1470.67809 1470.678523 -0.29 43-55
y89 7 1471.83784 1471.834649 2.17
y90-3NH3 7 1475.119 1475.122049 -2.07
y90-NH3 7 1477.5514 1477.554798 -2.30
y90 7 1479.98377 1479.980926 1.92
FDKDGNGYISAAEL 1 1481.6907 1481.702091 -7.69
NPTEAELQDMINE 1 1485.65261 1485.658412 -3.91 42-54
y12 1 1490.66542 1490.671395 -4.01
b54 4 1507.72141 1507.723659 -1.49
? 6 1528.61 1528.442091
y94 7 1537.1494 1537.147680 1.12
NPTEAELQDMINEV 1 1584.72102 1584.718120 1.83 42-55
b59-3H2O 4 1608.50871 1608.514836 -3.81
? 1 1612.727173
GQNPTEAELQDMINE 1 1670.73265 1670.739351 -4.01 40-54
NPTEAELQDMINEVD 1 1699.74374 1699.752237 -5.00 42-56
GDGQVNYEEFVQMMT 1 1729.71998 1729.726696 -3.89 132-146
DGDGQVNYEEFVQMM 1 1743.69891 1743.706542 -4.38 131-145
y30 2 1746.268009 1746.27271 -2.69
GQNPTEAELQDMINEV 1 1769.80106 1769.801488 -0.24 40-55
PTEAELQDMINEVDAD 1 1771.76909 1771.765980 1.76 43-58
GQNPTEAELQDMINEVD 1 1884.82801 1884.842019 -7.43 40-56
AELQDMINEVDADGNGTI 1 1886.8436 1886.825341 9.68 46-63
QNPTEAELQDMINEVDA 1 1898.8436 1898.838924 2.46 41-57
DMINEVDADGNGTIDFPE 1 1933.812 1933.812290 -0.15 50-67
y17 1 1946.86228 1946.864204 -0.99
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GQNPTEAELQDMINEVDA 1 1956.86392 1956.880434 -8.44 40-57
DIDGDGQVNYEEFVQMM 1 1971.79967 1971.816153 -8.36 129-145
Figure B.3.: Autocorrelation line extracted from the CAD/ECD MS/2D MS spec-
trum of CaM.
B.2.3. Parameters for MS acquisition of Calmodulin
Table B.36.: Parameters used for the acquisition of the one-dimensional and two-
dimensional mass spectra of Calmodulin.
Parameters
FT-ICR MS MS/2D MS
MS CAD MS/MS CAD/IRMPD CAD/ECD
Acquisition mode
Acquisition
size
[datapoints,
16 bit]
4M 4M 512k 512k
Horizontal
low mass
cut-off [m/z ]
147.41 147.41 368.2 368.2
Horizontal
high mass
cut-off [m/z ]
3000 3000 3000 3000
Transient
length, t2 [s]
1.6777 1.6777 0.2097 0.2097
Ion
accumulation
time [s]
0.2 0.2 0.2 0.2
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Ion cooling
time [s]
0.1 0.1 0.1 0.1
Source (ESI)
Flow rate
[uL/h]
70 70 70 70
Capillary
voltage [V]
-4800 -4800 -4800 -4800
EP Off-set [v] -500 -500 -500 -500
Nebuliser
Pressure [bar]
1.2 1.2 1.2 1.2
Capillary exit
[V]
200 200 200 200
Deflector
plate [V]
220 220 220 220
Funnel [V] 150 150 150 150
Skimmer [V] 10 10 10 10
Funnel RF
[Vpp]
200 200 200 200
Collision cell
Collision
voltage [V]
-4 -13.5 -13.5 -13.5
DC extract
bias [V]
0.6 0.6 0.6 0.6
RF frequency
[MHz]
2 2 2 2
Collision RF
Amplitude
[Vpp]
1400 1400 1400 1400
Octopole
Frequency
[MHz]
2 2 2 2
RF
Amplitude
[Vpp]
1400 1400 1400 1400
Transfer optics
Time of
Flight [s]
0.001 0.001 0.0012 0.001
Frequency
[MHz]
4 4 4 4
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RF
Amplitude
[Vpp]
350 350 350 350
ICR-cell
Transfer exit
Lens [V]
-15 -15 -15 -15
Analyser
entrance [V]
-8 -8 -8 -8
Side kick [V] 5 12 10 5
Side kick
offset [V]
-1.5 -2.3 -2.9 -1.5
Front Trap
plate [V]
0.51 0.51 0.69 0.91
Back Trap
plate [V]
0.55 0.55 0.74 0.96
Sweep
Excitation
power, P3 [%]
16 16 16 16
In-cell manipulations
multi-CHEF 2D MS pulse programme
t1 [s] n/a n/a 1.00E-06 1.00E-06
t1 increment
[s]
n/a n/a 1.00E-06 1.00E-06
P1 and P2
pulse length
[s]
n/a n/a 4.00E-07 4.00E-06
P1 and P2
excitation
power [Db]
n/a n/a 10.42 10.42
Loops n/a n/a 2048 2048
In-cell Fragmentation
Laser Power
(25W) [%]
/ / 50 /
IR pulse
length [s]
/ / 0.16 /
ECD
pulselength
[s]
/ / / 0.016
ECD bias / / / 1.5
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ECD
Extraction
lens
/ / / 10
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C.1. Principles of 2D MS
C.2. One-Dimesional control spectra
One-dimensional MS spectra were acquired as controls for each sample, generating
full (MS) mass spectra of the polymer mixtures. The control spectra were acquired
using 4M data-points (16 bits) for a transient length of 1.6777 s, over a mass range
of m/z 147.5-3000. MS control spectra were accumulated for 64 scans.
C.3. 2D MS of TPGS
Table C.1.: Peaks assigned to the autocorrelation line of the IRMPD 2D MS exper-
iment of TPGS.
n units of PEG Charge Theorethical m/z Observed m/z Error [ppm]
Free PEG
13 1 613.340580 613.340464 -0.19
14 1 657.366795 657.366263 -0.81
15 1 701.393010 701.392958 -0.07
16 1 745.419225 745.419210 -0.02
17 1 789.445440 789.445129 -0.39
18 1 833.471655 833.470705 -1.14
19 1 877.497870 877.498432 0.64
20 1 921.524085 921.525436 1.47
21 1 965.550300 965.550910 0.63
22 1 1009.576515 1009.575653 -0.85
23 1 1053.602730 1053.602237 -0.47
24 1 1097.628945 1097.631542 2.37
25 1 1141.655160 1141.657449 2.01
26 1 1185.681375 1185.681979 0.51
27 1 1229.707590 1229.697956 -7.83
25 2 582.322190 582.322064 -0.22
26 2 604.335298 604.334797 -0.83
28 2 648.361513 648.361180 -0.51
29 2 670.374620 670.376568 2.91
TPGS
25 3 566.673387 566.673261 -0.22
13 2 574.358180 574.358334 0.27
26 3 581.348792 581.348782 -0.02
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27 3 596.024197 596.023865 -0.56
14 2 596.371288 596.360548 -18.01
28 3 610.699602 610.699312 -0.47
15 2 618.384395 618.384579 0.30
29 3 625.375007 625.374997 -0.02
30 3 640.050412 640.049712 -1.09
16 2 640.397503 640.398355 1.33
31 3 654.725817 654.725679 -0.21
17 2 662.410610 662.409984 -0.94
32 3 669.401222 669.401337 0.17
33 3 684.076627 684.076950 0.47
18 2 684.423718 684.423994 0.40
34 3 698.752032 698.751114 -1.31
19 2 706.436825 706.437285 0.65
20 2 728.449933 728.450343 0.56
21 2 750.463040 750.463304 0.35
22 2 772.476148 772.476865 0.93
23 2 794.489255 794.489837 0.73
24 2 816.502363 816.501778 -0.72
25 2 838.515470 838.515029 -0.53
26 2 860.528578 860.528518 -0.07
27 2 882.541685 882.541340 -0.39
28 2 904.554793 904.553991 -0.89
29 2 926.567900 926.567500 -0.43
30 2 948.581008 948.581984 1.03
12 1 1081.700925 1081.702793 1.73
13 1 1125.727140 1125.726561 -0.51
14 1 1169.753355 1169.754042 0.59
15 1 1213.779570 1213.782210 2.17
16 1 1257.805785 1257.804338 -1.15
17 1 1301.832000 1301.830920 -0.83
18 1 1345.858215 1345.857404 -0.60
19 1 1389.884430 1389.882872 -1.12
20 1 1433.910645 1433.912440 1.25
21 1 1477.936860 1477.934847 -1.36
22 1 1521.963075 1521.963139 0.04
23 1 1565.989290 1565.992966 2.35
24 1 1610.015505 1610.014519 -0.61
25 1 1654.041720 1654.042703 0.59
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26 1 1698.067935 1698.065391 -1.50
27 1 1742.094150 1742.098239 2.35
28 1 1786.120365 1786.118034 -1.30
29 1 1830.146580 1830.145445 -0.62
30 1 1874.172795 1874.171402 -0.74
31 1 1918.199010 1918.197169 -0.96
32 1 1962.225225 1962.228629 1.73
33 1 2006.251440 2006.252997 0.78
Di-TPGS
17 2 940.616998 940.616967 -0.03
18 2 962.630105 962.630127 0.02
19 2 984.643213 984.643588 0.38
20 2 1006.656320 1006.655580 -0.74
21 2 1028.669428 1028.668736 -0.67
22 2 1050.682535 1050.681555 -0.93
23 2 1072.695643 1072.696550 0.85
24 2 1094.708750 1094.710564 1.66
25 2 1116.721858 1116.720806 -0.94
26 2 1138.734965 1138.734471 -0.43
27 2 1160.748073 1160.751550 3.00
28 2 1182.761180 1182.763850 2.26
29 2 1204.774288 1204.777197 2.41
30 2 1226.787395 1226.789992 2.12
31 2 1248.800503 1248.801050 0.44
32 2 1270.813610 1270.815971 1.86
33 2 1292.826718 1292.828203 1.15
34 2 1314.839825 1314.847791 6.06
Unassigned
? 2 606.902506
? 2 628.917831
Table C.2.: IRMPD-fragments assigned to the extraction of the horizontal scan of
TPGS18+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
f 15 1 683.382445 683.381745 -1.02
f 16 1 727.408660 727.406864 -2.47
e16 1 743.403575 743.401573 -2.69
? 1 755.380561
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? 1 769.419197
f 17 1 771.434875 771.435361 0.63
b15 1 799.393405 799.405923 15.66
? 1 813.446023
f 18 1 815.461090 815.462016 1.14
e18 1 831.456005 831.452934 -3.69
b16 1 843.419620 843.432396 15.15
d18 1 887.482220 887.487126 5.53
c18 1 915.477135 915.478150 1.11
b18 1 931.472050 931.469868 -2.34
a18 1 1079.560865 1079.560405 -0.43
TPGS18 1 1345.858215 1345.856405 -1.34
Table C.3.: IRMPD-fragments assigned to the extraction of the horizontal scan of
TPGS222+. Ions marked with a * have been used to calibrate the entire
2D mass spectrum in the horizontal dimension.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
f 10 1 463.25137 463.25168 0.68
f 22* 2 507.27759 507.27781 0.44
e22 2 515.27504 515.27477 -0.52
g12 2 523.27250 523.27368 2.26
d22 2 543.28815 543.28802 -0.24
c22 2 557.28561 557.28440 -2.16
b22 2 565.28307 565.28252 -0.97
g13 1 567.29872 567.29752 -2.11
e13 1 611.32493 611.32410 -1.35
a22* 2 639.32747 639.32764 0.26
e14 1 655.35115 655.35013 -1.55
f 15 1 683.38245 683.38075 -2.48
g16 1 699.37736 699.37609 -1.81
g17 1 743.40358 743.40312 -0.61
TPGS22* 2 772.47615 772.47613 -0.03
g19 1 831.45601 831.45425 -2.11
? 1 843.43124
f 19 1 859.48731 859.48525 -2.39
g20 1 875.48222 875.48079 -1.64
f 20 1 903.51352 903.51123 -2.54
g21 1 919.50844 919.50274 -6.20
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f 21 1 947.53974 947.53839 -1.42
f 22* 1 991.56595 991.56585 -0.10
b20 1 1019.52448 1019.53987 15.09
d22 1 1063.58708 1063.58869 1.51
c22 1 1091.58200 1091.58381 1.66
b22 1 1107.57691 1107.57650 -0.37
a22* 1 1255.66573 1255.66748 1.40
TPGS22* 1 1521.96308 1521.96240 -0.45
Table C.4.: IRMPD-fragments assigned to the extraction of the horizontal scan of
TPGS283+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
a17 1 1035.534650 1035.544766 9.77
TPGS17 1 1301.832000 1301.836254 3.27
a28 1 1519.823015 1519.820793 -1.46
TPGS28 1 1786.120365 1786.088792 -17.68
a28 2 771.406118 771.406320 0.26
a33 2 881.471655 881.471642 -0.01
TPGS28 2 904.554793 904.542788 -13.27
Table C.5.: IRMPD-fragments assigned to the extraction of the horizontal scan of
Di-TPGS212+.
Fragment Ion Charge Theoretical m/z Observed m/z Error [ppm]
f 21f 2 498.272303 498.272065 -0.48
a21f 2 630.322190 630.321768 -0.67
? 1 685.438424
a21a 2 762.372078 762.371755 -0.42
f 21 2 763.470865 763.471717 1.12
? 2 783.015076
d21 2 799.481430 799.479768 -2.08
c21 2.00 813.478888 813.48 2.23
a21 2 895.520753 895.521904 1.29
a21f 1 1237.655160 1237.658873 3.00
a21a 1 1501.754935 1501.759275 2.89
f 21 1 1503.952510 1503.953557 0.70
e21 1 1521.963075 1521.968058 3.27
a21 1 1768.052285 1768.051816 -0.27
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Di-TPGS 1 2034.349635 2034.349157 -0.23
Figure C.4.: ECD 2D mass spectrum of TPGS in 100% acetonitrile and 1 mM
Na2SO4. The autocorrelation line can clearly be observed, together
with a diagonal line corresponding to loss of sodium, and curve har-
monic lines. The vertical strikes of signal represent scintillation noise.
Table C.6.: ECD-fragments assigned to the extraction of the horizontal scan of
TPGS222+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
TPGS22 2 772.476148 772.474210 -2.51
f 21 1 947.539735 947.542792 3.23
? 1 969.521499
e21+Na 1 987.532244 987.532466 0.23
f 22+Na 1 1015.563544 1015.556912 -6.53
e22+Na 1 1031.558459 1031.564040 5.41
d21+Na 1 1043.558459 1043.559011 0.53
? 1 1069.542232
? 1 1073.568741
a22 1 1255.665725 1255.659458 -4.99
TPGS22 1 1521.963075 1521.964921 1.21
TPGS21+2Na -H 1 1499.918804 1499.922731 2.62
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Table C.7.: ECD-fragments assigned to the extraction of the horizontal scan of
TPGS273+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
TPGS27+3Na+ 3 596.0241967 596.0222100 -3.33
e27Na +H 2 637.3396515 637.3409019 1.96
d26Na+2 2 643.3393770 643.3389255 -0.70
e14Na+H 1 679.3487390 679.3495071 1.13
d13Na 1 691.3487390 691.3488779 0.20
h22Na 2 783.4671195 783.4592780 -10.01
? 2 805.9638333
h26Na 2 871.5195495 871.5142626 -6.07
? 1 1229.6129432
e27Na 1 1251.6895340 1251.6915927 1.64
TPGS27+Na+ 1 1742.0941500 1742.1492315 31.62
Table C.8.: ECD-fragments assigned to the extraction of the horizontal scan of Di-
TPGS212+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
Di-TPGS21 2 1028.669428 1028.668380 -1.02
c21eNa 1 1113.563939 1113.565850 1.72
c21dNa 1 1169.590154 1169.592596 2.09
f 21Na 1 1526.942279 1526.957199 9.77
d21 1 1576.981465 1576.973195 -5.24
d21Na 1 1598.963409 1598.961621 -1.12
Di-TPGS21 1 2034.349635 2034.350450 0.40
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C.4. 2D MS of Polysorbate80
Table C.9.: Peaks assigned to the autocorrelation line of the IRMPD 2D MS exper-
iment of Polysorbate 80.
Precursor ion Charge Theoretical m/z Observed m/z Error [ppm]
Free Poly(ethylen glycol)
11 1 525.288150 525.288413 0.50
12 1 569.314365 569.314363 0.00
13 1 613.340580 613.339846 -1.20
14 1 657.366795 657.366803 0.01
15 1 701.393010 701.393389 0.54
16 1 745.419225 745.420214 1.33
Poly(ethylen glycol) monolinoleate
13 1 875.570245 875.574238 4.56
14 1 919.596460 919.604258 8.48
15 1 963.622675 963.631109 8.75
16 1 1007.648890 1007.653662 4.74
17 1 1051.675105 1051.661872 -12.58
20 1 1183.753750 1183.747603 -5.19
Poly(ethylen glycol) monooleate
10 1 745.507250 745.507398 0.20
11 1 789.533465 789.532301 -1.47
12 1 833.559680 833.558417 -1.52
13 1 877.585895 877.586288 0.45
14 1 921.612110 921.615648 3.84
15 1 965.638325 965.639266 0.97
16 1 1009.664540 1009.667991 3.42
Isosorbide polyethoxylate
9 1 565.283065 565.283136 0.13
10 1 609.309280 609.308228 -1.73
11 1 653.335495 653.334828 -1.02
12 1 697.361710 697.362073 0.52
13 1 741.387925 741.388035 0.15
14 1 785.414140 785.415711 2.00
15 1 829.440355 829.440659 0.37
16 1 873.466570 873.482491 18.23
17 1 917.492785 917.501140 9.11
Isosorbide polyethoxylate monolinoleate
10 1 871.538945 871.541278 2.68
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11 1 915.565160 915.567865 2.95
12 1 959.591375 959.592951 1.64
13 1 1003.617590 1003.623834 6.22
14 1 1047.643805 1047.638627 -4.94
15 1 1091.670020 1091.667442 -2.36
Isosorbide polyethoxylate monooleate
7 1 741.475950 741.473149 -3.78
8 1 785.502165 785.499859 -2.94
9 1 829.528380 829.527846 -0.64
10 1 873.554595 873.555602 1.15
11 1 917.580810 917.579193 -1.76
12 1 961.607025 961.611428 4.58
13 1 1005.633240 1005.637076 3.81
14 1 1049.659455 1049.653122 -6.03
15 1 1093.685670 1093.687256 1.45
16 1 1137.711885 1137.716520 4.07
17 1 1181.738100 1181.749242 9.43
18 1 1225.764315 1225.764798 0.39
Sorbitan polyethoxylate
24 2 633.338038 633.338667 0.99
25 2 655.351145 655.348228 -4.45
11 1 671.346060 671.344852 -1.80
26 2 677.364253 677.363278 -1.44
27 1 699.377360 699.374738 -3.75
28 2 721.390468 721.391952 2.06
29 2 743.403575 743.403822 0.33
13 1 759.398490 759.408201 12.79
31 2 765.416683 765.430365 17.88
32 2 787.429790 787.437998 10.42
19 1 1023.555780 1023.554529 -1.22
20 1 1067.581995 1067.585841 3.60
21 1 1111.608210 1111.606016 -1.97
22 1 1155.634425 1155.643785 8.10
23 1 1199.660640 1199.671470 9.03
24 1 1243.686855 1243.673206 -10.97
25 1 1287.713070 1287.682036 -24.10
Sorbitan polyethoxylate monooleate
26 2 809.486910 809.488632 2.13
28 2 853.513125 853.516155 3.55
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30 2 897.539340 897.542032 3.00
31 2 919.552448 919.536653 -17.18
33 2 963.578663 963.568930 -10.10
19 1 1287.801095 1287.821152 15.57
20 1 1331.827310 1331.839304 9.01
21 1 1375.853525 1375.863980 7.60
22 1 1419.879740 1419.883281 2.49
24 1 1507.932170 1507.916242 -10.56
26 1 1595.984600 1595.977618 -4.37
30 1 1772.089460 1772.100093 6.00
36 1 2036.246750 2036.244822 -0.95
Figure C.5.: Neutral-loss line of all the doubly-charged precursors that lost an oleic
acid fragment during IRMPD fragmentation period in the ICR-cell. Ex-
tracted from the IRMPD 2D mass spectrum of Figure 5.3 (left). All
the peaks correspond to sorbitan polyethoxylate monooleate with two
sodium adducts.
Table C.10.: IRMPD-fragments assigned to the extraction of the horizontal scan of
PEG12 monooleate.
Fragment
ion
Suggested
fragment
Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
C16H34O8Na B8 1 375.198940 375.200856 5.11
C16H34O9Na A8 1 391.193855 391.196722 7.33
C18H38O9Na B9 1 419.225155 419.226186 2.46
C18H38O10Na A9 1 435.220070 435.221152 2.49
C20H42O10Na B10 1 463.251370 463.251202 -0.36
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C20H42O11Na A10 1 479.246285 479.245753 -1.11
C22H46O11Na B11 1 507.277585 507.277125 -0.91
C24H50O12Na B12 1 551.303800 551.302212 -2.88
C27H53O14Na 1 623.324930 623.323248 -2.70
C28H54O14Na 1 637.340580 637.340026 -0.87
C31H60O14Na 1 679.387530 679.391965 6.53
C35H68O14Na 1 735.450130 735.449144 -1.34
PEG
monoleate
(C42H82O14Na)
[M+Na+]+ 1 833.559680 833.559098 -0.70
Figure C.6.: Autocorrelation line extracted from the ECD 2D mass spectrum of Fig-
ure 5.3.a. A difference in ion intensities for all the species can be ob-
served compared to the 2D IRMPD mass spectrum, due to the different
dissociation technique.
Table C.11.: ECD-fragments assigned to the extraction of the horizontal scan of
[(PEG)32 sorbitan polyethoxylate monooleate]2+.
Fragment ion Suggested
fragment
Charge Theoretical
m/z
Observed
m/z
Error
[ppm]
Polysorbate monooleate [M+2Na+] 2 941.565555 941.565548 -0.01
C6H10O4(C2H4O)29Na B29 1 1427.796800 1427.760905 -25.14
C6H10O4(C2H4O)31Na B31 1 1533.859795 1533.859972 0.12
C6H9O4(C2H4O)31Na2 B31 1 1555.841739 1555.840127 -1.04
C6H11O5(C2H4O)32Na2 Oleic
fragment
loss
1 1617.878519 1617.878311 -0.13
Polysorbate monooleate Na loss 1 1860.141890 1860.141930 0.02
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C.5. 2D MS of PMMA
Table C.12.: ECD-fragments assigned to the extraction of the horizontal scan of
[(MMA)40Na3]3+.
Fragment
ion
Charge Theoretical m/z Observed m/z Error [ppm]
PMMA40 3 1357.693503 1357.692809 -0.51
PMMA33 2 1674.862140 1674.865544 2.03
PMMA37
methyl loss
2 1867.455263 1867.476767 11.52
PMMA37 2 1874.967000 1874.962203 -2.56
Methyl loss,
sodium loss,
H gain?
2 2018.037820 2018.037064 -0.37
PMMA40
methyl loss
2 2029.028792 2029.030880 1.03
Table C.13.: ECD-fragments assigned to the extraction of the horizontal scan of
[(MMA)42Na4]4+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
PMMA42 4 1074.043648 1073.995409 -44.91
PMMA39 3 1324.342693 1324.323956 -14.15
PMMA42Na3-CH3 3 1427.050555 1427.060566 7.02
PMMA37 2 1874.967000 1874.975471 4.52
PMMA21Na2-CH3 1 2134.072194 2134.057659 -6.81
Table C.14.: IRMPD-fragments assigned to the extraction of the horizontal scan of
[(MMA)42Na4]4+.
Fragment ion Charge Theoretical m/z Observed m/z Error [ppm]
? 4 837.375335
? 4 837.502483
PMMA31 3 1057.536213 1057.537709 1.41
? 3 1080.212129
PMMA32 3 1090.887023 1090.887455 0.40
PMMA31 2 1574.809710 1574.799696 -6.36
PMMA47 (adduct) 3 1591.149173 1591.136386 -8.04
PMMA37 2 1874.967000 1874.980840 7.38
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PMMA21 1 2126.105900 2126.100147 -2.71
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C.6. Parameters for 2D MS acquisition
Table C.15.: Parameters for two-dimensional MS acquisition of the polymer samples.
Parameters
TPGS Polysorbate 80 PMMA
IRMPD ECD IRMPD ECD IRMPD ECD
Acquisition mode
Acquisition
size
[datapoints,
16 bit]
512k 512k 512k 256k 512k 512k
Horizontal
low mass
cut-off [m/z]
368.2 368.2 368.2 368.2 368.2 368.2
Horizontal
high mass
cut-off [m/z]
3000 3000 3000 3000 3000 3000
Transient
length, t2 [s]
0.2097 0.2097 0.2097 0.1049 0.2097 0.2097
Ion accumu-
lation time
[s]
0.2 0.2 0.2 0.2 0.2 0.2
Ion cooling
time [s]
0.1 0.1 0.1 0.1 0.1 0.1
Source (nESI)
Capillary
voltage [V]
-4800 -4800 -4800 -4800 -4800 -4800
Deflector
plate [V]
220 220 220 220 220 220
Funnel [V] 150 150 150 150 150 150
Skimmer [V] 10 10 10 10 10 10
Funnel RF
[Vpp]
200 200 200 200 200 200
Collision cell
Collision
voltage [V]
-4 -4 -4 -4 -4 -4
DC extract
bias [V]
0.6 0.6 0.6 0.6 0.6 0.6
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RF
frequency
[MHz]
2 2 2 2 2 2
Collision RF
Amplitude
[Vpp]
1400 1400 1400 1400 1400 1400
Octopole
Frequency
[MHz]
2 2 2 2 2 2
RF
Amplitude
[Vpp]
1400 1400 1400 1400 1400 1400
Transfer optics
Time of
Flight [s]
0.001 0.001 0.001 0.001 0.001 0.001
Frequency
[MHz]
4 4 4 4 4 4
RF
Amplitude
[Vpp]
350 350 350 350 350 350
ICR-cell
Transfer
exit Lens
[V]
-15 -15 -15 -15 -15 -15
Analyser
entrance [V]
-8 -8 -8 -8 -8 -8
Side kick [V] 10 10 10 10 10 10
Side kick
offset [V]
-5 -5 -5 -5 -5 -5
Front Trap
plate [V]
0.55 0.6 0.6 0.6 0.6 0.6
Back Trap
plate [V]
0.57 0.62 0.62 0.62 0.62 0.62
Sweep
Excitation
power, P3
[%]
12 12 12 12 12 12
2D MS pulse programme
t1 [s] 1.00E-06 1.00E-06 1.00E-06 1.00E-06 1.00E-06 1.00E-06
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t1 increment
[s]
1.00E-06 1.00E-06 1.00E-06 1.00E-06 1.00E-06 1.00E-06
P1 and P2
pulse length
[s]
4.00E-07 4.00E-06 4.00E-07 4.00E-06 4.00E-07 4.00E-06
P1 and P2
excitation
power [Db]
10.42 10.42 10.42 10.42 10.42 10.42
Loops 2048 2048 4096 2048 4096 8192
In-cell Fragmentation
Laser Power
(25W) [%]
50 / 50 / 50 /
IR pulse
length [s]
0.34 / 0.28 / 0.5 /
ECD
pulselength
[s]
/ 0.02 / 0.02 / 0.03
ECD bias / 1.5 / 1.5 / 1.5
ECD
Extraction
lens
/ 10 / 10 / 10
339
D. Supporting Information for Chapter
6
340
D.1. DETAILED CONSTRUCTION OF THE ICR-CELL APPENDIX D. S.I. 6
D.1. Detailed construction of the ICR-cell
Figure D.1.: Alingnment ring, with circular holes to embed the ceramic rods, and four
threaded holes to accommodate the aluminium rods for installation into
the home-built system. In correspondence of the red signs on the ring
structure, teflon plugs can be seen on the outer part of the ring. The
teflon plugs, positioned at 2.00 mm from the ring, allow alignment of
the cell in the flight tube that will be inserted inside the magnet bore.
Figure D.3.: Testing of the PCB on the ICR-cell. A perfect fitting and good connec-
tions were confirmed.
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Figure D.4.: Details of the final assembly of the ICR-cell. The four “sides” of the cell,
aligned and clamped to the ceramic rods (left) and the inner trapping
rings (right). Care is necessary when assembling the different parts, in
order not to damage the ceramic rods and not to scratch the thin layer
of gold/nickel on the plate surfaces.
Figure D.5.: Inside the ICR-cell, the four quarters are perfectly assembled in a
smooth-inner surface cylinder.
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Figure D.6.: The assembed ICR-cell, with the aluminium structure for the installa-
tion inside the mass spectrometer. The outer structure rings have been
implemented with teflon plugs to improve centering in the flight tube.
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